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Chapter 1 
General introduction 
 
According to the Millennium Ecosystem Assessment (2005), over one third of the land area of our planet 
consists of forest ecosystems that are vital to human livelihoods. Forests have been increasingly recognized 
as key player in global climate change mitigation, as they cover 12% of the earth surface and are the most 
productive terrestrial ecosystems on earth (Bonan, 2008; Malhi et al., 2013). Additionally,they play an 
important socio-economic and ecological role for mankind (Hassan et al., 2005; Bonan, 2008; Nsabimana, 
2009). Unfortunately, they are threatened by ongoing global change, which implies among others deleterious 
effects of chronic high N deposition, NO3
-
 pollution of ground and surface water (e.g. Schulze, 1989; Aber et 
al., 1998), land use change, forest degradation and deforestation. Forests are highly impacted by these factors 
as they are a key player in the global water cycle and take up gaseous, liquid, and particulate substances that 
are present in the air (Smith, 1981; Staelens, 2006). 
Specifically, past and current landuse change has resulted in loss of large areas of tropical forest, as these 
areas are converted to agro-ecosystems, logged for timber wood or increasingly used for charcoal 
production. Tropical deforestation is, after fossil burning, the second most important cause for increasing 
atmospheric CO2 concentrations, accounting for ~20% of anthropogenic CO2 emissions (Gullisonet al., 
2007). In addition, atmospheric N deposition is also increasing in the tropics, and the most dramatic increase 
might be seen the coming decades (Galloway et al., 2004; Hietzet al., 2011). However, some tropical regions 
already experience elevated N deposition from urban development, increased automobile traffic, use of 
fertilizers, wildfire, charcoal production, farming system and livestock system (Galloway et al., 2008). 
Although N is a major nutrient on the one hand, inputs exceeding the critical load that can be taken up by an 
ecosystem act as pollutants (Eugster and Haeni, 2013). This affects all ecosystem compartments and alters 
many biogeochemical processes. The net effect depends on site conditions, such as nutrient availability in the 
soil, species composition of the forest stand and management history, in combination with the changing 
climatic conditions and pollutant loads. Because of the inherent complexity of these systems, and the 
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heterogeneity in these latter factors, it remains unclear how tropical forest ecosystems will react to increased 
N deposition, but the projected trends in these regions are cause of concern (Phoenix et al., 2006). Above all, 
it is clear that N has a strong interaction with the carbon (C) cycle that can have global scale effects on 
atmospheric carbon dioxide (CO2) (Hungate et al., 2003; Gruber and Galloway, 2008). Third, due to their 
biotic and abiotic diversity tropical forests give rise to exceptional biochemical heterogeneity. Even at a local 
scale, high plant diversity causes a variety of chemical and physical niches that affect plant production, 
decomposition, nutrient cycling and all other biochemical processes (Townsend et al., 2008). Although the 
link between species diversity and ecosystem processes has received substantial attention in other biomes, 
our understanding of analogous relationships in tropical forests lags behind. The limited number of 
manipulative studies that do exist, suggest that shifts in tropical tree species composition can alter a range of 
ecosystem properties, including soil C storage, rate of N turnover and loss, and soil chemistry. 
Africa's forests make up 20% of the total global rainforest area (Doughty et al., 2013) and are mainly 
concentrated in the Congo Basin, the world's second largest contiguous forest zone (Mayaux et al., 2013) 
after the Amazon Basin. They are under increasing pressure, which could eventually lead to very high 
degradation (Devers, 2010). Continuous and better geographical coverage of forest ecosystem monitoring 
and process understanding is urgently needed for a better prediction of the impact of global environmental 
change on forest ecosystem functions while measuring N data from Central Africa are missing. 
Nyungwe tropical forest, in Rwanda, is part of the Albertine Rift, the region with highest biodiversity in 
Africa (Plumptre et al., 2007). Due to its dimension and altitude (1600-2950 m), Nyungwe represents a key 
area for rainforest conservation in central Africa. This forest is of high ecological, social and economic value 
but has suffered from deforestation, invasion by exotic species, fragmentation, and in part conversion to 
monospecific tree and tea plantations (FAO, 2000; UNEP, 2002; MINITERE, 2003). Between 1958 and 
1979 the forest reserve has reduced in size from 1141 km
2
 to 971 km
2 
mainly through encroachment by local 
farmers (Weber, 1989). To counter this, buffer plantations were established along the edge of Nyungwe 
forest, to mark the boundaries of the forest reserve and to act as buffer between local communities and the 
interior of the forest. Similar to the rest of Rwanda, the area of natural forest in Nyungwe has decreased since 
1960 while the area of exotic plantations increased. These plantations are mainly composed of introduced 
tree species of which Eucalyptus occupies 65%. With reference to the literature (Nsabimana, 2009; Gharahi 
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Ghehi, 2012; Gharahi Ghehi et al., 2012; Vet et al., 2014), it is evident that there was a lack of field data 
characterizing the biogeochemistry of central African regions and/or forests. 
Information on Rwandan forests is mainly limited to its geographical distribution, plant species composition 
and historical land use change (FAO, 1993,2000). The biogeochemistry in a forest ecosystem is complex and 
nutrient availability depends on the interplay between supply from atmospheric deposition, cation exchange, 
mineral weathering, mineralization of soil organic matter, losses through leaching, volatilization and 
immobilization in forest vegetation (Laclau et al.,2010). However, no study on precipitation chemistry and/or 
nutrient balance exists on Nyungwe forest. Only Gharahi Ghehi et al. (2012) estimated N2O and NO 
emissions from this forest, and Nsabimana (2009) compared the carbon stocks and fluxes in Nyungwe forest 
to Ruhande arboretum in Rwanda. Litterfall, litter decomposition, N deposition and losses will hopefully 
continue to receive attention, as this is one of the highly undersampled regions, despite the importance of a 
more complete geographical characterization of the N cycle in forests. 
In central Africa in general, and around Nyungwe in particular, people tend to replant trees after the 
deforestationin order to maintain and restore the biological diversity, and benefit from productive and 
ecological functions of the forest. However, it is not clear whether the ubiquitous monospecific plantations 
with exotic species really succeed to restore the ecosystem functions provided by natural forests. The 
Nyungwe forest and Eucalyptus plantation were selected for these studies because their long-term land use 
history was known and they represent both native forest and forest plantation type, respectively. For tropical 
forests, the major challenge is to determine baseline N balance as global change scenarios predict increased 
N input, which may affect N dynamic and net primary tropical forest ecosystem productivity. This 
introductory chapter will focus on the distribution and importance of the world's tropical forests (1.1). As 
there are many types of tropical forest (1.2), the main focus here is puton the investigated forest, namely 
tropical mountain forests (1.3), discussing their distribution, importance and characteristics. Furthermore, the 
study area is described: Nyungwe pristine forest and a nearby Eucalyptus plantation (1.4). In two different 
stands litterfall and litter decomposition, N deposition and leaching loss were investigated, while in 
Nyungwe pristine forest soil N dynamics and N loss at the outlet of a micro-catchment were additionally 
assessed. Background information on litterfall, litter decomposition, N deposition, N loss and N dynamics of 
(African) tropical mountain forests is given (1.5 and 1.6). The objectives and outline of this thesis is given at 
the end of this introductory chapter (1.7). 
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1.1. Tropical forests of the world 
Tropical forests are found in areas with warm and relatively constant temperatures located within 23.5º Nand 
23.5° S in Asia, Oceania, Africa and America (Fig 1.1), from sea level up to 3000 m elevation (Thomas and 
Baltzer, 2002). Tropical ecosystems are important for major biochemical cycles and global climate (Malhi 
and Philips, 2004). However, it is not easy to measure, to scale up and to predict basic ecosystem functions 
in these regions; a high diversity of soils (Palm et al., 2007) can act on ecosystem structure and functions 
(Jenny, 1941; Vitousek, 2004), while the high diversity of plant community (Vitousek, 2004; Condit et al., 
2000, 2005) can lead to heterogeneity in chemical, structural and functional traits of the biogeochemical 
processes (Hooper et al., 2005). Therefore it is important to assess these ecosystems in a complete 
geographical range. 
 
 
Figure 1.1. The terrestrial biome showing in green tropical forests of the world (Adapted from Boucher et al., 
2011) 
1.2. Classification of tropical forest 
The term “tropical forest” or “rainforest” generalizes the lot of forest types that fall within the tropics, which 
implies a huge variety of forest types (Boucher et al., 2011). Most commonly, tropical forests are classified 
by the specific climate in which they occur, by dominant species, by successional stage or by soil type on 
which they occur. One of the most commonly used climatic factors is the length of the wet and the dry 
season within the tropics. Parallel to a gradient in rainfall duration and quantity, there is agradual transition 
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from rainforest to dry forest and to savanna, with rainforests receiving most and savannas least rainfall.This 
transition takes place as one moves north or south from the equator, where consistent rain supports tropical 
rain forests. Rain forests have either no or very short dry seasons, allowing the trees to remain green and to 
grow throughout the year. Around 10 degrees North and South of the equator the rainfall becomes more 
seasonal and land cover tends to change to dry forest or savanna. Dry tropical forests, with their longer dry 
seasons, have deciduous trees that lose some or all of their foliage at the beginning of the dry season. In areas 
with even less rain and/or more frequent fires, forests gradually convert into savannas with a few trees and 
mostly covered with grasses and shrubs. Within each of these ecosystems most ecologists make even finer 
distinctions. 
1.3. Tropical mountain forests 
Tropical mountain forests are most widespread in (semi)-humid areas (Richter, 2008), and are generally 
considered as hotspots of biodiversity. Besides their ecological importance, tropical mountain forests also 
provide important ecosystem services for millions of people (Gradstein et al., 2010). A multiple stand 
structure, uneven canopy layer and abundant bryophytes and epiphytes characterize them. 
The local climatic conditions depend not only on the geographical location but it also varies along the 
altitudinal gradient, which highly influences temperature (Bruijnzeel, 2000; Dubley and McGinley, 2008; 
Smith et al., 2009), and most tropical mountain forests profit from higher rainfall compared to lowland 
forests (Dubley and McGuley, 2008). The change in vegetation is caused by these climatic factors, as well as 
soil processes along the elevation gradient (Zach et al., 2008). The local topography,which plays a role in 
hydrology, nutrient deposition, soil structure and wind exposure (Richter, 2008) affects the vegetation 
structure and species, invoking heterogeneity (Phillips et al., 2003). 
1.4. Study site characterization 
Nyungwe forest in Rwanda is a tropical mountain rain forest located in the Albertine Rift, the region with the 
highest biodiversity in Africa (Plumptre et al., 2007). It is one of the biologically most important mountain 
rain forests in Central Africa. 
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1.4.1. General description of the Nyungwe forest, experimental study site and set up 
Nyungwe forest is located in southwestern Rwanda (2°15'–2°55' S, 29°00'–29°30' E) in a watershed dividing 
the Congo River basin to the west and the Nile River basin to the east. It covers an area of approximately 970 
km
2
. Nyungwe forest is currently a national park, established in 2004. The topography is entirely 
mountainous (1600 – 2950 masl), except for some peat valleys and depressions. 
The climate of Nyungwe forest is humid tropical. The average minimum temperature is 10.9°C and the 
average maximum temperature is 19.6°C (Sun et al., 1996). As a typical tropical rainforest, annual rainfall is 
in the range of 1800 to 2500 mm (Van Ranst et al., 1997). The major dry season occurs between July and 
August and a small dry season occurs in December and January. The vegetation consists of more than 200 
treespecies where tall forest trees reside on fertile soils and shorter trees and thickets on drier ridges 
(Plumptre et al., 2002). The dominant tree species are Entandrophragma excelsum, Parinari excelsa, Prunus 
africana and Octotea usambarensis. The soil in Nyungwe is dominated by Acrisols, Alisols and Cambisols 
(FAO, 1990) developed on schist, micashist, quartzite schist and granite parent materials (Table 1). 
Moreover, Minagri (2000) reported that Luvisols, Podzols, Regosols and Ferralsols occur in sloping terrain 
whereas Histosols and Gleysols are normally occupying small valleys and depressions. 
In the present study, two catchments were selected, one in pristine forest (PF) and another one in a nearby 
Eucalyptus plantation (EP) in the buffer zone surrounding the forest (Fig. 1.2). In the Nyungwe pristine 
forest (PF), experimental plots were selected taking into account the representativeness of the forest, the 
accessibility and the presence of a micro-catchment. In this stand, plots had to be installed in a visually 
undisturbed location. In the Eucalyptus plantation (EP), these plots were selected taking into account visually 
variation in canopy density and tree basal area. The distance between the two sites is ca. 1.4 km. 
At each site, three experimental plots with a size of 20 m x 30 m (0.06 ha) were selected and marked 
permanently. For PF, the three plots were located in a small catchment with an average slope of 11% 
(2°28’29.8” S, 29°06’ 26.6” E, 1915 m asl) and three main tree species: Parinari excelsa (PE), Cleistanthus 
polystachyus (CP) and Carapa grandiflora (CG). The three plots for EP were located inanother small 
catchment (2°26’21.8” S, 29°05’38.7” E, 1889 masl) with an average slope of 13% and two species: 
Eucalyptus saligna (ES) and E.maidenii (EM). 
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To estimate canopy openness,a method based on digital image analysis (Frazer et al.,1999) was used as 
described by Cizunguet al. (2014). The three PF plots had a canopy openness of 32±12% (average ± standard 
deviation), while canopy openness of the EP plots was 44±8.2%. According to Cizungu et al. (2014), PF has 
a lower number of trees exceeding 6 cm diameter at 1.3m height (839±154 ha
-1
) than EP (983±93 ha
-1
). 
However, the PF has a much higher total basal area of 62.7±27.2 m
2
 ha
-1
 compared to the EP (13.7±2.2 m
2
 
ha
-1
), because of the larger tree diameters of PE species in the Nyungwe pristine forest. In the Nyungwe 
pristine forest, the dominant species was PE (average tree number =322±38 ha
-1
 and basal area = 58.6±2.9 
m
2
 ha
-1
). The number of CP and CG trees was 278±79 and 239±96 ha
-1
, respectively; with a basal area of 
only 2.2±1.5 and 1.9±1.1m
2
 ha
-1
, respectively. In the PF, the number of trees with a diameter at 1.3m height 
exceeding 30 cm accounted for 27%. In the EP, there were no trees exceeding 30 cm at 1.3m height. 
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Table 1.1. Geographic location, elevation, slope, and parent material of the plots inNyungwe pristine forest and Eucalyptus plantation 
a 
Bweyeye (BWY), Umusekera (USK), Gitaba (GTB) and Nsibo (NBO) are the local names of the soil series based on unique combinations of parent material, 
subsoil texture, soil depth and profile development 
b
 according to Soil Survey Staff, 1975 
c
 according to FAO-UNESCO-ISRIC, 1990 
Site Plot Coordinates Elevation Slope Soil 
series
a 
Soil taxonomy
b
 FAO
c 
Parent 
material 
 
Masl %     
N
y
u
n
g
w
e 
fo
re
st
 
A 2 28' 26.0" S, 29 06' 27.0" E 1933 10 BWY Typic Tropohumult Humic Cambisols / Humic Alisols Schists 
B 2 28' 31.6" S, 29 06' 25.3" E 1883 11 USK Typic Humitropept Humic (Dystric) Cambisols Quartzite 
C 2 28' 31.8" S, 29 06' 27.5" E 1929 11 USK Typic Humitropept Humic (Dystric) Cambisols Quartzite 
         
E
u
ca
ly
p
tu
s 
p
la
n
ta
ti
o
n
 A 2 26' 24.0" S, 29 05' 39.3" E 1934 14 NBO Typic Tropohumult HaplicFerralsols / Haplic (Humic) Acrisols Schists 
B 2 26' 21.8" S, 29 05' 38.3" E 1878 12 NBO Typic Tropohumult HaplicFerralsols / Haplic (Humic) Acrisols Schists 
C 2 26' 19.7" S, 29 05' 38.5" E 1854 12 GTB Oxic Dystropept Haplic Acrisols / Ferralic Cambisols Schists 
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Figure 1.2. Location of the study areas in the Nyungwe national park (A); in picture B Eucalyptus plantation and 
C pristine forest are shown; the three squares; Plot A, Plot B and Plot C are the study plots 
 
1.4.2. Climate in Nyungwe forest 
Meteorological data from 1958 to 2010 were obtained from the meteorological station of Kamembe in 
southwestern Rwanda (2.5°S, 28.9°E, 1591 m asl) (Table 1.2) but with missing data for some years 
(after the independence in 1962 and after the1994 genocide). Considering that Kamembe is not in the 
forest and that its location could impact climatic conditions due to micro-environmental conditions 
created by the forest, extra non long-term meteorological data (1981-1993) was obtained from the 
nearest three climatological weather stations at an altitude of ~2000 masl and a distance to the forest of 
c.a. 5 km (Minagri and CTB/BTS, 1993a, 1993b). In addition there also is data from more recent years 
(2007-2008), measured at Uwinka climate station (2°28'43"S, 29°12'00"E, 2465 m asl) located within 
the Nyungwe forest and established in 2007. Kamembe station is located at a distance of 59.7 km by 
road fromNyungweforest, but at 20 km only as the crow flies. 
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Kamembe has an average annual rainfall of 1344±55mm and an average annual temperature of 
19.8±0.6°C. Maximum and minimum average temperatures are 24.8 and 14.9°C, respectively. Rainfall 
shows a bimodal pattern with a main rainy season from March to May and a mild rainy season from 
October to December (Fig. 1.3). Those two rainy seasons alternate with two drier seasons. However, it 
rains almost the entire year in Nyungwe forest and even in dry seasons some rainfall occurs. 
 
Figure 1.3. Long-term (1958-2010) average monthly rainfall recorded at Kamembe (monthly average with 
standard deviation) 
 
Based on long-term data (1958-2010), the total annual amount of rainfall had a maximum of 1768 mm 
year
-1
 (1989) and a minimum of 867 mm year
-1
 (1960) (Fig. 1.4.A). The yearly average temperature 
(1958-2010) varied between 18.5°C (1998) and 20.7°C (2010) (Fig. 1.4.B). Annual precipitation and 
average temperature are generally relatively stable over the years, but some of the past years were 
much drier (e.g. 1958,1960, 1998, 1999, 2000 and 2010). 
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Figure 1.4. Annual average rainfall (A) and air temperature (B) for 1958-2010 recorded at Kamembe station 
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For short-term meteorological data, daily precipitation, daily minimum and maximum temperatures 
were used and were spatially interpolated for the forest using the Thiessen polygon approach in GIS 
(geographical information system) ESRI ArcMap 9.3 software (Gharahi Ghehi, 2012). The mean 
annual temperature and precipitation (1981-1993) were 16.8°C and 1458mm, respectively. For the 
northern region of the Nyungwe forest, decreased amounts in annual precipitation and higher values of 
mean annual temperature have been observed by Gharahi Ghehi et al. (2012). The average annual 
mean temperature and precipitation (2007-2008) at Uwinka climate station was 14.5°C and 
1824.7mm, respectively, while the rainfall was slightly higher than the average rainfall observed in 
most of the years during the period 1981-1993. In the rainy season, monthly rainfall was 
approximately more than 150mm and higher than during the years 1981-1993 (Fig. 1.5). 
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Figure 1.5. Seasonalvariationof climate parameters expressed as daily means (Temperature) and monthly means 
(Precipitation) from the three climate stations (from 1981to 1993)north (N), center(C), south (S), and the recent 
(2007-2008) climate data at Uwinka (U) in the Nyungwe forest (Gharahi Ghehi, 2012) 
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1.4.3. Soil characterization inNyungwe pristine forest and a nearby Eucalyptus plantation 
The soil profile analytical data (Appendix 1 and 2: mean values per soil serie from the Rwanda digital 
soil database) was based on profile data from the soil map of Rwanda (Minagri, 2000) in combination 
with physical and morphological characterization observed on the specific sites in the present study. 
1.4.3.1. Nyungwe pristine forest site 
Considering that organic matter decomposition in soil is mainly observed in top layers, soil samples 
were taken in layers of 10 cm down to 50 cm depth. In order to have data representative for the whole 
plot, the diagonal method (Van Ranstet al., 1999) was used. Composite samples from five different 
locations from each layer were used to cover the entire plot. In order to characterize the soil of the 
plots a composite approach was used: soil profile data were extracted from the digital soil map of 
Rwanda (Minagri, 2000) combined with soil profile characterization. Soil series BWY (Bweyeye) and 
USK (Umusekera) are found in the Nyungwe forest and NBO (Nsibo) and GTB (Gitaba) in the 
Eucalyptus plantation (Table 1.1). Those soil series are named based on unique combinations of parent 
material, subsoil texture, soil depth, profile development and some additional properties such as pedo-
climate, soil color and nature of coarse fragments. 
In Nyungwe, plots B and C are located on the same soil unit type "Typic Humitropept" (Soil 
Taxonomy-1975) or “Humic Dystric Cambisol” (FAO-1990) in soil series USK, while plot A is 
located in "Typic Tropohumult" (Soil Taxonomy-1975) or “Alisol" (FAO-1990). 
The soil in plot A of the Nyungwe pristine forest has a darkish to brownish color and is characterized 
by a moderately deep profile, slight to moderate weathering of the parent material and absence of 
illuviated clay, organic matter, Al and Fe materials in the mineral horizons. This soil has a process of 
clay leaching characterized by Bt subsurface horizons but not very well developed at the level of 
having an eluviated horizon. The soil structure is granular, friable in the top-soil, subangular blocky in 
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the subsoil wit firm to very firm consistency. There are many large pores in the top layer while in the 
underlying horizons they are few with medium size. The soil has a sandy loam texture. 
The soils in plot B and C have dark reddish-brown to brown or orange colors and a minimal horizon 
development up to 40 cm depth. In plot B, the soil structure is granular, friable with a high pore size in 
the top soil, and blocky, firm with medium pore size in the underlying horizons, whereas in plot C the 
soil structures are granular, friable in the top horizon and structureless  in the underlying horizons. The 
soil texture is loamy sand in the upper horizon, while the underlying horizons have a sandy loam 
texture. For all three plots, humic properties are present due to the high organic matter content in the 
upper A horizons. Roots are abundant in the top horizon and decrease with soil depth. In general, the 
soils are very acid with a pHH2Oof 4. The C:N ratio is ranging from 27 to 18 due to the large amount of 
C in the organic horizon. In the mineral sub-horizons, the clay content and organic matter are very 
low, resulting in a low cation exchange capacity (CEC). Base saturation to the effective CEC(ECEC) 
is decreasing with depth. Phosphorus is moderately available. 
More details on soil characterization can be seen in Table 1.3.The C and N content is very high in the 
O horizon with values of 30.6 and 1.5%, respectively,whereas in the mineral horizons, they are lower, 
with values of 2.7 and 0.2%, respectively. In Nyungwe pristine forest, C, N, available P and pH vary 
significantly with depth up to 50 cm (P<0.05) (Table 1.3). 
1.4.3.2. Eucalyptus plantation site 
In the Eucalyptus plantation, soil profiles are more developed down to a depth of more than 2 m due to 
the high level of weathering of schist parent material. Hence, roots can reach deeper layers to take up 
nutrients. 
Plot A and B are located on the same soil unit type “Typic Tropohumult” (Soil Taxonomy-1975) or 
Haplic/HumicAcrisols (FAO-1990) in the local soil series NBO (Appendix 2). These soils have a fine-
textured sub-surface layer with accumulation of low activity clays such as kaolinitic clays, and with 
iron and aluminum oxides. They are red and yellow colored. This soil has a process of clay leaching 
characterized by Bt subsurface horizons but not very well developed at the level of having an 
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illuviated horizon. They are strongly acid with a high Al saturation around 74%. The ECEC is low and 
mostly occupied by acid cations (Al
3+
 and H
+
) and thus a very low base saturation is observed. 
However, CEC at pH 7is potentially high due to the presence of pH-dependent clay minerals, iron 
oxides and organic matter. The C and N content is decreasing with depth in both plots with a C/N ratio 
around 10. The total available P is low. 
On the other hand, plot C is characterized by an “Oxic Dystropept” (Soil Taxonomy-1975) or Ferralic 
Cambisols” (FAO-1990) (GTB soil series). This soil type is fine textured with low activity clays and 
has a deep profile development at medium weathering stage. The pH is low (pH<5.5) in the upper two 
horizons while in the lower horizons, pH is higher than 5.5. The CEC at pH7 is moderate and 
dominantly depending on variable charges derived from organic accumulation and low activity clays. 
Here, the C content contributes more to the increase of soil fertility in the upper horizons but the N 
content is low. More details on soil characterization can be seen in Table 1.3. 
From the 50 cm topsoil, soil samples were studied in order to explain the vertical distribution of C, N, 
P and pH in the pristine forest and the nearby Eucalyptus plantation. The results showed that there is a 
significant difference between the pristine forest and the Eucalyptus plantation for C, N, available P 
and pH (P<0.05) (Table 1.3). In the 50 cm topsoil, the mean N content is significantly different 
(P<0.05) between all layers up to 50 cm while the C contents differ between all layers except between 
the 20-30 and 30-40 cm layers and between the 30-40 and 40-50 cm layers. Moreover, average 
available P, pHH2O and pHKClvalues are not significantly different between the layers up to 50 cm 
(P>0.05).High C and N contents are observed in the top organic layer in the pristine forest (28.3±2.5% 
C and 1.68±0.10% N), with a sharp decrease due to the transition from organic to mineral layers. In 
the Eucalyptus plantation, C and N contents in the upper layer are 8.4±0.7% and 0.65±0.06%, 
respectively, and were lower than in Nyungwe pristine forest due to lack of the organic layer. 
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Table 1.2. Carbon, nitrogen, available P (Olsen et al., 1954), pHH2O and pHKCl and exchangeable cations (mean ± SD, n = 3; except for cations, n = 1) in soils 
of Nyungwe pristine forest and a nearby Eucalyptus plantation down to 50 cm depth 
Site 
Soil 
depth 
C N C:N Available P pHH2O pHKCl K
+ Na+ Mg2+ Ca2+ Al3+ 
 
(cm) (%) (%)  (mg kg-1) 
  
(cmol kg-1) (cmol kg-1) (cmol kg-1) (cmol kg-1) (cmol kg-1) 
N
y
u
n
g
w
e 
p
ri
st
in
e 
fo
re
st
 
0-10 28.3±2.5a 1.6±0.09a 16.9±0.5a 42.6±1.9a 3.2±0.1a 2.7±0.0a 
     
10-20 4.7±2.2b 0.3±0.05b 12.0±3.8a 23.9±4.7b 3.9±0.0b 3.2±0.1ab 
     
20-30 5.0±1.6b 0.2±0.03b 17.2±5.1a 24.8±4.2b 4.3±0.1bc 3.6±0.1b 0.1±0.0a* 0.0±0.0a* 0.0±0.0a* 0.0±0.0a* 0.6±0.3a* 
30-40 3.0±1.1b 0.2±0.03b 13.4±3.1a 27.8±1.0b 3.8±0.5bd 3.3±0.6b 
     
40-50 2.7±0.9b 0.1±0.0b 14.4±2.9a 22.3±1.6b 4.1±0.0b 3.6±0.0b 
     
  
 
       
     
E
u
ca
ly
p
tu
s 
p
la
n
ta
ti
o
n
 
0-10 8.3±0.9a 0.6±0.0a 12.8±1.3a 19.7±0.9a 4.4±0.3a 3.8±0.1a      
10-20 6.6±0.9b 0.5±0.0b 12.3±1.4a 19.3±2.9a 4.5±0.2a 3.9±0.1a 
     
20-30 4.8±0.9c 0.3±0.0c 12.5±1.5a 17.6±1.2a 4.5±0.2a 3.9±0.0a 0.1±0.0a* 0.0±0.01a* 0.0±0.0b* 0.1±0.0b* 0.7±0.1a* 
30-40 3.7±0.6cd 0.2±0.0d 12.9±1.5a 19.7±2.1a 4.6±0.0a 3.9±0.04a 
     
40-50 2.7±0.5d 0.2±0.0e 11.8±1.7a 18.4±2.2a 4.5±0.1a 4.0±0.0a 
     
*The concentrations of cations were measured from composite samples of different layers from the 50 cm topsoil. Values labeled with a different letter per column and per site 
weresignificantly different (P< 0.05) 
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1.5. Nitrogen and environment 
Ecosystem N and C cycles are strongly coupled by several nested loops, driven by the activity of 
specific organisms with specialized abilities to carry out a very diverse set of functions that transform 
and store N and C products (Schulze, 2000). The degree of nitrogen (N) input into forests is crucial for 
sustainable ecosystem functioning. Nitrogen is a key element controlling species composition, 
diversity, dynamics, functioning and vitality of forest ecosystems. When N inputs exceed the demand 
or storage capacity, nutrients and cation leaching occurs leading to forest decline and negatively 
affecting downstream water quality. Increasing N availability changes the rate and pathways of N 
cycling and N loss (Aber et al., 1995). 
In many tropical forests, as N supply does not limit plant production, addition of anthropogenic N in 
the ecosystem can have only little direct effect on plant production and carbon storage, but may 
substantially affect the rate and time of N losses. Tropical soils are acidic which causes that the 
addition of anthropogenic N potentially increases that acidity, leading to increased loss of cations and 
a decreased availability of phosphor and other limiting nutrients,which ultimately reduces plant 
production and other ecosystem functions. The consequence of anthropogenic N deposition for 
ecosystem processes was considered in the past as only a problem of the temperate. At present ca. 
40% of the global application of industrial N fertilizer takes place in the tropics and subtropics, and 
over 2/3 were expected to occur on currently developing regions by 2010 (Matthews, 1994; EPA, 
1990). Similarly, fossil fuel combustion is increasing dramatically in less economically developed 
parts of Earth, including much of the tropical and subtropical region. Galloway et al. (2004) estimate 
that by 2020, nearly 2/3 of Earth’s energy-related N inputs will take place in the tropics and 
subtropics. In this region the direct effects of anthropogenic N deposition on N cycling processes will 
lead likely to increased N fluxes at the soil-water and soil-air interfaces, with little or no lag in 
response time (Matson et al., 1999). As tropical forests function differently compared to temperate 
forests with regard to N cycling, the effect of anthropogenic N input on tropical ecosystem processes 
may also differ. 
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In absence of human influence, N deposition in ecosystem is generally around 0.5 kg N ha
-1
 yr
-1
 or 
even less (Dentener et al., 2006). At this moment, in some parts of the world the average N deposition 
rate exceeds10 kgN ha
-1
 yr
-1
 and this rate is continuing to increase. According to Galloway et al., 2004, 
this rate may double by 2050 with some regions reaching 50 kg ha
-1
yr
-1
 and landscape-level inputs 
may be much larger, especially for forest ecosystems. The additional anthropogenic N will affect 
climate, the chemistry of the atmosphere, and the composition and function of terrestrial and aquatic 
ecosystems (Delwiche, 1970). 
1.6. Nutrient cycling in a forest ecosystem 
1.6.1. Litterfall and litter decomposition 
Forest litterfall and organic matter decomposition stand out as central components of ecosystem 
functioning in terms of Cand nutrient dynamics (Swift et al., 1979; Chapin et al., 2002). Without 
decay, with constant production of organic matter by plants and yearly primary production reaching 
ca. 4 kg m
-2
 in the most productive ecosystems, the whole land surface of the Earth would be soon 
covered with a meters-thick layer of undecomposed organic matter (Berg and Laskowski, 2006). 
Litterfall is a fundamental process in nutrient cycling, as it is the main way of transfer of organic 
matter and mineral elements from vegetation to the soil surface (Vitousek and Sanford, 1986). It is 
particularly important in tropical rain forest ecosystems, where the trophic chain of detritus 
predominates (Odum 1969). 
Litterfall production may be determined by factors such as latitude and altitude, rainfall and length of 
the growing season, vegetation density and type, basal area and species composition (Bray and 
Gohran, 1964; Meentemeyer et al., 1982; Veneklaas, 1991; Kumar and Deepu, 1992). Quantification 
of the nutrient flux associated with litterfall is important to the understanding of ecosystem dynamics. 
Litterfall from deciduous and evergreen trees is the primary mechanism by which nutrients are 
returned to the forest soil (Laurance et al., 1999; Davis et al., 2003); hence nutrients will once again 
become available for plant nutrition (Vitousek, 1984; Wardle and Lavelle, 1997; Collins and 
Kuehl,2001). The decomposition rate of litter is governed by the interaction between environmental 
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conditions, substrate quality, and decomposing communities of soil fauna and microorganisms (Santa 
Regina et al., 1997). 
Research on single species litter dynamics has shown that rate of decomposition and nutrient cycling 
is correlated with mean annual temperature and precipitation (Mentyeyer, 1978; Aerts, 1997; 
Trofymow et al., 2002), soil moisture and temperature regimes (Zhang and Zak, 1995, Hobbie, 1996), 
and the chemical properties of soil and litter, especially the initial N concentration, C:N ratio and 
lignin:N ratio in the litter and surrounding soil (Aber and Melilo, 1980; Chadwick et al., 1998, Preston 
et al., 2000). Litter on the forest floor undergoes decomposition, implying a chemical and physical 
transformation and release of nutrients (Lavelle et al., 1993; Swift et al., 1979). The factors that are 
controlling litter decomposition are both biotic and abiotic (Swift et al., 1979; Blair et al., 1992). 
Different researchers found that the breakdown of leaf litter is generally inversely related to resource 
quality, in particular phenolics, lignin and micronutrients (Kuiters, 1990). In general, litter with a high 
N content supports at the early decomposition stages, the growth of microorganisms that degrade 
labile compounds and repress the formation of lignolytic enzymes (Swift et al., 1979; Fioretto et al., 
2005). High contents of lignin have an effect of reducing litter decomposition both in early and later 
stages, especially when they are related with high N contents supporting formation of new and stable 
complexes (Berg and Ekbohm, 1991; Coûteaux et al., 1995). Species diversity affects litter decay 
processes and these effects are spatially variable due to the varying performance of individual species 
across the heterogeneous landscape (Madritch and Cardinale, 2007). It has been suggested that 
nutrient release from rapidly decaying litter types can stimulate the decomposition of adjacent, more 
recalcitrant litter type (Scastedt, 1984). Fyles and Fyles (1993) suggested that litters have the potential 
to interact with positive or negative effects on decomposition rates and that interaction rates are not 
predictable from commonly measured litter quality properties. The fact that several plant species grow 
and shed their litter heterogeneously, both in time and in space, gave rise to several studies on 
interactions between litters of different species decomposing together (Gartner and Cardon, 2004). 
Tree species can have an impact on environmental condition inducing change on soil fertility, 
microclimate and faunal and microbial communities in the forest soil (Page et al., 2008;Grau and Aide 
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2008; Aponte et al., 2010, 2012), all of which influence the decomposition process (Hobbie 1996; 
Austin and Vivanco, 2006). This interaction, called ‘the home-field advantage’, implies that litter 
decomposes faster beneath the tree species from which it is derived than beneath other plant cover, 
and could be explained as an adaptation of the local soil communities to the litter produced by the 
plant species above them (Negrete et al., 2008;Ayres et al.,2009). The litter decomposition process is 
ultimately driven by specific controlling factors related to the requirement of the decomposers 
community, whose availability is partly determined by tree species (Aponte et al., 2012). 
Litter quality and mass loss might change when litter decomposition progresses trough time. Thus 
variables controlling the early decomposition stage and nutrient release could differ from those 
influencing the proportion of slow decomposition (Berg and McClaugherty, 2008). It has been found 
that decomposition dynamics of litter mixtures can be different from decomposition of mono-specific 
species. Based on the initial litter quality of the constituent species and on the decomposition stage, 
this can both increase as well as decrease the decomposition rate (Hättenschwiller and Vitousek, 2000; 
Pérez et al., 2008). Figure 1.6 shows typical phases of litter decomposition in red pine needles in 
Massachusetts. Phase 1: mass drops from 100% to 90% over the first three months due to leaching and 
microbial colonization; Phase 2: mass drops from 90% to 25% then slows down to 20% over the next 
32 to 38 months due to cellulose loss; Phase 3: stable phase, mass drops by only 1% (to 19%) over the 
next 36 months due to lignin loss. 
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Figure 1.6. Phases of decomposition of red pine needles in Massachusetts (from Melillo et al., 1989) 
 
1.6.2. Nitrogen deposition and losses by leaching (NO3
-
, NH4
+
, DOC and DON) 
Incident rainfall is a major source of nutrient input to forest ecosystems and the consequent throughfall 
and stemflow contribute to nutrient cycling. Independent of the amount of nutrients in the incident 
rainfall, significant amounts are added and transferred from above-ground plant parts to the forest 
floor as the rain water passes through the canopy. In throughfall and stemflow elements are largely in 
dissolved inorganic forms, which can be taken up immediately by trees (Chuyong et al., 2004). For 
tropical forests, throughfall data have been reported to be highly variable within sites (Clark and 
Leman, 1987; Forti and Neal 1992). 
In general, the paradigm of N saturation predicts that N-limited forests initially retain anthropogenic N 
by using it for vegetation and microbial growth and for accumulation in biomass or organic matter. 
When N inputs exceed the biological demand in the ecosystem the system loses its ability to retain N 
and then excess N can move out of the system as losses (Aber et al., 1989; Matson et al., 1999; Corre 
et al., 2003; Corre and Lamersdorf, 2004; Hietz et al., 2011) as leaching and/or geaseous. The 
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presence of inorganic nitrogen below the rooting zone is therefore a key index to distinguish N-limited 
and N-saturated forest ecosystems (Aber et al., 1989; Gundersen et al., 1989). 
Combined measurements and ensemble-mean model results showed that the highest levels of N wet 
deposition (> 8 kg N ha
-1
yr
-1
) occurred in eastern North America, southern Europe, and south-eastern 
Asia as shown in Figure 1.7 while oxidized N (nitrate) is a more important contributor to wet 
deposition in industrialized areas and areas of very low precipitation, reduced N (ammonium) is more 
important in agricultural areas and the oceans of the southern hemisphere. Similar to sulfur, N wet 
deposition decreased in North America and Europe and increased in Asia and Africa during the 2000 
to 2007 period as shown by IGAC (Vet et al., 2014). 
 
 
Figure 1.7. Measured and modeled wet deposition of nitrogen in kg N ha
-1
yr
-1
; measurement values represent the 
3-year averages for 2000-2002; model results represent the 2001 modelyear (from Vet et al., 2014) 
 
Dissolved organic C (DOC) plays a vital role in C and other element cycles of forest ecosystems. 
Hence, it is important to understand changes and fluxes of DOC at various stages of forest stand 
development for estimating DOC dynamics at a regional landscape level (Michalzik et al., 2001; 
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Mattson et al., 2005). DOC also acts as a major control on soil formation processes; mineral 
weathering and pollutant transport (Mattson et al., 2005).In forest, DOC can be found in canopy 
precipitation and throughfall, before it reaches the forest floor and mineral soil where it leaches 
towards groundwater (Michalzik et al., 2001; Fröberg et al.,2005). 
The changes in DOC vary with site and climatic factors. The factors controlling DOC dynamics 
comprise soil temperature and moisture, N availability, iron (Fe) and aluminum (Al), soil pH, C/N 
ratio, and amount and quality of organic matter (Kalbitz et al., 2000; Michalzik et al., 2001). 
According to Peichl et al. (2007), DOC concentrations of forest ﬂoor leachate were positively 
correlated with above-ground biomass and forest ﬂoor C pools, and negatively correlated with stand 
stem density. DOC concentrations in subsoil solutions decrease with soil depth due to sorption and 
mineralization (Michalzik et al., 2001; Fröberg et al., 2005; Peichl et al., 2007). 
There is interaction between dynamics of DOC and dissolved organic N (DON) in ecosystems. Both, 
when in deeper soil layers, are considered as loss from forest soils and their concentrations decrease 
downward in the profile (Qualls et al., 1991; Campbell et al., 2000). Schwendenmann and Veldkamp 
(2005) found that dissolved N was dominated by inorganic N (mainly NO3
-
) in tropical wet forests and 
the contribution of DON to total N loss is commonly less than 10% (Michalzik et al., 2001), because 
the nutrient demand of the vegetation is high. 
DOC and DON concentrations in forest soils show differences in their dynamics due to the OC and 
ON distribution between the more immobile hydrophobic and the more easily degradable hydrophilic 
fraction (Möller et al., 2005). Hydrophobic OC compounds are removed from the soil solution during 
water percolation through mineral soil, whereas ON related compounds are more labile hydrophilic 
compounds, thus being mobile (Qualls and Haines, 1991; Andersson et al., 1999; Möller et al., 2005). 
Consequently, hydrophilic acid compounds dominate in mineral B horizon. 
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1.6.3. Soil nitrogen dynamics 
Until ca. 10 years ago, the common view of the terrestrial N cycle had been driven by two core 
assumptions: plants use only inorganic N and they compete poorly against soil microbes for N. Thus, 
plants were thought to use N that microbes ‘left over’, allowing the N cycle to be divided into two 
parts: the microbial decomposition and the plant uptake side; linked by the mineralization process. 
Over the last decade, research has changed these views. Nitrogen cycling is now seen as being driven 
by the depolymerization of N-containing polymers by microbial (including mycorrhizal) extracellular 
enzymes. This releases organic N-containing monomers that may be used by either plants or microbes 
(Schimel and Bennett, 2004). Figure 1.8.represents the classical N cycle (A) and its new paradigm (B). 
The biochemical N cycle can further be divided into external and internal N transformation processes. 
External process are pathways that add or remove N from the soil N pool (Aubert et al., 2005), while 
internal N transformations determine the N availability to plants and microbial community and include 
decomposition, mineralization, immobilization, nitrification and assimilation (Stevenson and Cole, 
1999). Herein acts the nitrification processes as a "gatekeeper" between the internal N and output via 
denitrification and leaching (Schimel et al., 2005). 
Not all N transformation reactions are mediated by soil micro-organisms. Abiotic processes might 
contribute to a highly variable extent in forest soils constituting 6-90% of the occurring 
immobilization reactions. The extent at which abiotic N transformation processes take place is only 
marginally affected by external N loads (Johnson et al., 2000). 
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Figure 1.8. The nitrogen cycle: A, the classical nitrogen cycle as described by Schimel et al. (2005); B, 
the new paradigm of the N cycle as described by Schimel and Bennet (2004). 
 
1.7. Objectives and outline of the thesis 
South-America has the largest tropical forest area, followed by the Congo Basin and the Indonesian 
Archipelago (FAO, 2001; Chao et al., 2009). They provide valuable ecological and environmental 
services to human populations and play important roles in climate regulation, especially in the context 
of global climate change (Brown et al., 1996; Schimel et al., 2001; IPCC, 2007). 
B 
A 
Introduction 
27 
 
Tropical forests account for one third of net terrestrial primary production and contribute significantly 
to the terrestrial C sink (Field et al., 1998; Phillips et al., 1998; Brookshire et al., 2012). Especially 
tropical mountain rain forests are considered as a "hot spot" of biodiversity (Myres et al., 2000) with a 
value as water catchment areas (Bruijnzeel, 1993, 2000). That's why they have received increasing 
scientific attention during the past decades (Myers et al., 2000). 
Despite their economic, ecologic and social value, forest ecosystems are now increasingly being 
fragmented, reduced and disturbed by human interventions (Richter, 2008, Gradsteinet al., 2010). 
Africa’s forests, which make up 20% of the total global tropical rainforest area (Doughtyet al., 2013), 
are under increasing pressure that could eventually lead to very high degradation and increase of 
poverty among many people who still heavily depend on the resources offered by the forest (Devers, 
2010). Specifically, monitoring the state and understanding functions and services of African forests is 
of paramount importance because their location and condition affect the wellbeing of millions of rural 
and urban people, affect the regional and global climate, and have significant consequences for 
biodiversity (Mayauxet al., 2013). 
The general objective of our research was to investigate biogeochemical processes in a central 
African tropical mountain forest (Nyungwe) and a Eucalyptus plantation. The overall hypothesis was 
that conditions outside and inside Nyungweforest and local land use change have an impact on 
biogeochemistry and overall functioning of the wider area. 
To reach the general objective, the following specific research objectives have been put forward: 
- to determine litterfall amount and dynamics in the pristine Nyungwe tropical rainforest and an 
Eucalyptus plantation; 
- to determine litter decomposition rates of single and mixed species leaf litter, thereby assessing site 
and litter quality effects; 
- to determine throughfall, humus percolation, soil solution river run off fluxes and composition; 
- to unravel in situ gross soil N dynamics in the Nyungwe forest via 15N isotope dilution techniques. 
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Taking into account these four objectives, the outline of this thesis is as follows. 
 
Chapter1. Background, description of the study site, research objectives and outline  
Chapter 1 of the thesis provides general information on thebiogeochemistry and functioning of tropical 
forests in general and the Nyungwe forest in particular. General information on all topics of the 
following chapters is provided and the study sites and research objectives are explained. 
 
Chapter 2. Litterfall and leaf litter decomposition in an African tropical mountain forest and 
Eucalyptus plantation 
This chapter first aims to collect information on litterfall dynamic and decomposition in Nyungwe 
forest and eucalyptus plantation. Litterfall dynamics in the Nyungwe pristine forest and a Eucalyptus 
plantation, litter decomposition rates of single-species and mixed-species leaf litter where determined 
and assessed via litter quality and stand effects. We hypothesized that stand composition has an impact 
on litterfall; and that there is a species and species mixture effect and a home field advantage (the fact 
that decomposition occurs more rapidly when litter is placed beneath the plant species from which it 
had been derived than beneath a different plant species) on leaf litter decomposition. 
To examine litterfall fluxes, litterfall was collected monthly during two consecutive years from April 
2010 to May 2012 in the pristine forest and during only one year in the Eucalyptus plantation from 
April 2010 to May 2011 due to an unplanned logging of the eucalyptus plantation. To test the species 
effect, mixture effect and home field advantage, a litter decomposition experiment (361 days) with 
single- and mixed-species leaf litter was carried out. 
 
Chapter 3. Throughfall, litter percolation and soil solution fluxes and composition of nutrients in 
a tropical mountain rain forest and Eucalyptus plantation 
Chapter 3 aims to determine throughfall, humus percolation and soil solution fluxes of N and cations. 
In addition, an assessment of catchment losses via stream water was made. Finally, origin of nitrate in 
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throughfall, litter percolation, and soil solution and river water as well as the share of DOC and DON 
in the soil solution was investigated. 
Bulk precipitation was sampled biweekly and analyzed for two years (May 2010 - April 2012). 
Throughfall and soil solution were sampled and analyzed for two years in the pristine forest and for 
one year (May 2010 - April 2011) in the Eucalyptus plantation. Humus percolation and river water 
were sampled and analyzed for two years in the pristine forest only. 
We hypothesized that the conditions surrounding Nyungwe forest could have a negative impact on its 
overallfunctioning and its biogeochemistry and that bioavailable nitrogen loss in this forest could 
originate from deposition and/or external input. 
Chapter 4. Leaky nitrogen cycle in pristine African rainforest soil 
Chapter 4 aims to quantify in situ soil N transformation rates and pathways in Nyungwe forest. The N 
cycle is thought to be a closed system under pristine conditions, especially if N is limiting. However, 
observation from Chapter 4 showed this was not the case for Nyungwe pristine forest. In this chapter 
experimental evidence was provided underpinning N leaching losses. 
To investigate gross N dynamics in an undisturbed soil-root-microbe system an in situ method is 
required. Hence, an in situ
15
N isotope dilution experiment was carried out, using the ‘virtual soil core’ 
approach. 
 
Finally, the main findings and conclusions from this study and future research perspectives are 
summarized in chapter 5. 
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Chapter 2 
Litterfall and leaf litter decomposition in a central African tropical 
mountain forest and Eucalyptus plantation 
 
This chapter has been edited from: 
Cizungu, L., Staelens, J., Huygens, D., Walangululu, J., Muhindo, D., Van Cleemput, O. and Boeckx, 
P. (2014). Litterfall and leaf litter decomposition in a central African tropical mountain forest and 
Eucalyptus plantation. Forest Ecology and Management 326, 109-116 
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2.1. Abstract 
Litterfall and leaf litter decomposition are important ecosystem processes that rarely have been 
quantified for African tropical forests. Litterfall was measured in the Nyungwe pristine forest (two 
years) (2°28’S, 29°06’E, 1915 masl) and a nearby Eucalyptus plantation (one year) (2°26’S, 29°05E, 
1889 masl) in southwest Rwanda. To test the species effect and home field advantage on litter 
decomposition a 361-days experiment with single- and mixed-species leaf litter was carried out. The 
single-species litterbags were only installed in the pristine forest while the mixed-species litterbags 
were installed in both forest stands. 
Total litterfall amounted to 4.1±0.9 and 2.2±0.5 ton ha
-1 
yr
-1 
during the first year in the pristine forest 
and the Eucalyptus plantation, respectively; and 4.0±0.7 ton ha
-1 
yr
-1
 during the second year in the 
pristine forest. The contribution of leaf litter to litterfall in the pristine forest was 69% in the first year 
and 75% in the second year. In the Eucalyptus plantation leaves contributed 79% of litterfall. Litterfall 
peaked in the major (July - August) and minor (December-January) dry seasons and at the onset of the 
rainy season (September - October). 
In the pristine forest, the initial decay rate was highest for Cleistanthus polystachyus (CP)eaf litter 
(0.0330 day
-1
), followed by the forest litter mixture (PE+CP+CG) (0.016 day
-1
),and was lowest for 
Parinari excelsa (PE)(0.0094 day
-1
). The final decay rate of CP, Carapa grandiflora (CG) and 
Eucalyptus litter mixture were similar (0.0014, 0.0013 and 0.0017 day
-1
) and lower than the final 
decay rate of forest litter mixture (PE+CP+CG) (0.0021 day
-1
). Decay rates could be related to litter 
properties such as nitrogen, lignin, Ca and polyphenol content. Mixing litter species caused a negative 
additive effect on the initial, while a positive additive effect was observed on the final decay rate in the 
pristine forest stand. Taken together, mixed-species litter showed increased mass loss compared to the 
expected weighed-based mass loss from the individual litter types in the mixture. Finally, stand type 
only affected the final decay rate of forest litter mixture (PE+CP+CG) that was lower in Eucalyptus 
than in pristine forest and is suggested to be caused by reduced forest floor humidity. 
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2. 2. Introduction 
Forest litterfall and organic matter decomposition stand out as a central component of ecosystem 
functioning in terms of carbon (C) and nutrient dynamics (Swift et al., 1979; Chapin et al., 2002). At 
the stand level, plant diversity and density, successional stage and canopy cover control litterfall 
quality and quantity (Deng and Jessens, 2006; Berg and Laskowski, 2006). Therefore, turnover of 
forest litter is affected by forest type and associated changes in plant community composition. The 
underlying mechanisms relate to plant specific variations in litter quality and quantity, timing of litter 
input, and changing microclimatic conditions (Prescott, 2002; Hättenschwiler, 2005; Hättenschwiler et 
al., 2005; Aponte et al., 2012). Hence, plant richness and functional biodiversity have extensively been 
reported to explain a major part of the variation in litter decomposition (Pérez et al., 2008). This holds 
particularly true for tropical ecosystems where environmental conditions such as temperature and 
humidity usually not restrict litter decomposition. Moreover, for species-diverse plant communities, 
litter effects on decomposition rates are rather driven by the composition of chemical compounds 
within plant litter mixtures than by simple metrics of plant species diversity (Meier and Bowman, 
2008). 
However, the mass loss of litter mixtures deviates frequently from the additive mass loss expected 
from the decomposition of the respective mono-specific litters (Gartner and Cardon, 2004; 
Hättenschwiler et al., 2005). Microbial communities and detritivores may derive their nutrients from 
different types of litter when chemically divergent leaf species are present in their habitat, leading to 
non-additive species effects on decomposition (Gartner and Cardon, 2004; Gessner et al., 2010). 
Specific compounds present in the leaf litter of some plant species may also stimulate or decrease 
microbial activity, thereby affecting the decomposition of other species present in the mixture (Nilsson 
et al., 1999; Madritch and Cardinale, 2007). Another mechanism behind litter mixture effects on 
decomposition involves active or passive transfer of nutrients from one litter type to another through 
common mycorrhizal networks or leaching (Schimel and Hättenschwiler, 2007; Gessner et al., 2010). 
Finally, leaf litter decomposition is not only controlled by the physicochemical leaf traits but also by 
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the composition of the soil microbial community (Swift et al., 1979; Coûteaux et al., 1995; 
Hättenschwiler and Vitousek, 2000; Aponte et al., 2012). 
Litterfall fluxes and litter decomposition rates are valuable to validate process-based vegetation 
models (e.g. Weirdt et al., 2012). Especially for African tropical forests very little information is 
available. Moreover, studies of specific effects of different litter species and combinations are rare in 
tropical forests and to our knowledge absent from African forests (Peh et al., 2012). Research on 
tropical forest C and nutrient cycling has mostly been carried out in Southeast Asia and South 
America. Studies on decomposition and nutrient release in African forests are mostly on exotic species 
(Teklay and Malmer, 2004). This study was carried out in the Nyungwe tropical mountain forest, 
which is of great ecological and economic value and represents a key area for rain forest conservation 
in Central Africa. Similar to the rest of Rwanda, the area of natural forest in Nyungwe has decreased 
since 1960 while the area of exotic plantations increased. These plantations are mainly composed of 
introduced tree species of which Eucalyptus occupies 65% (FAO, 2000). In this study, we examined 
litterfall fluxes and leaf litter decomposition in a pristine catchment of the Nyungwe forest and an 
adjacent Eucalyptus plantation located in southwest Rwanda. We hypothesized that 1) stand 
composition has an impact on litterfall flux and litter fractions, 2) litter type and composition, and 
stand type have an effect on leaf litter decomposition rates. Therefore our objective was:to highlight 
how much litter is recycled in this ecosystem,to determine decomposition rates and assess litter 
decomposition via stand effects, single-species and mixed-species leaf litter effects, and to provide 
crucial parameters for ecosystem models. 
  
Litterfall and leaf litter decomposition 
35 
 
2.3. Material and methods 
2.3.1. Study sites 
The study was carried out in the Nyungwe tropical mountain rainforest, one of the ecologically most 
important mountain rainforests in Central Africa and a nearby unmanaged and young Eucalyptus 
plantation. Nyungwe forest is located in the southwestern part of Rwanda (2°15'–2°55' S, 29°00'– 
29°30' E) in close vicinity of the Nile river basin to the East and the Congo river basin to the West. 
The climate of Nyungwe forest is humid tropical. In the present study, two paired catchments were 
selected, one in the Nyungwe pristine forest and another one in a nearby Eucalyptus plantation in the 
buffer zone surrounding the forest. The number of trees per plot with a diameter larger than 6 cm at 
1.3 m height was determined. To estimate canopy openness a method based on digital image analysis 
was used. For more details onthe site see “study site characterization” in 1.4 
 
2.3.2. Litterfall 
 
Litterfall was collected monthly during two consecutive years from April 2010 to May 2012. In each 
of the three plots in the pristine forest eight litter traps with a collecting area of 0.242m
2
 at 1.5 m 
height were set up in a systematic design (8 x 8 m), whereby the position of the first litter trap was 
chosen at random. In the Eucalyptus plantation plots, eight litter traps of similar design were installed. 
The plot characteristics are summarized in Table2.1. After collection, litterfall was taken to the 
laboratory, air dried, weighed and sorted into six fractions (leaves, twigs, flowers and fruits, bark, 
mosses and a rest fraction). Twigs with a diameter of more than 2 cm were discarded. Leaves were 
further sorted according to the dominant tree species. After calculating for each plot the litter quantity 
per litter trap and per year for each fraction and species (leaves only), an average value per plot was 
used to extrapolate litterfall per hectare and per year. 
 
2.3.3. Litter decomposition 
Five dominant tree species were selected in the present study: Parinari excelsa (PE), Cleistanthus 
polystachyus (CP) and Carapa grandiflora (CG) in the pristine forest, and Eucalyptus saligna (ES) 
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and E. maidenii (EM) in the Eucalyptus plantation. This selection of species was considered to 
maximize differences in decomposition to cover a wider range of morpho-functional leaf attributes, 
which are known to be associated to different decomposition rates (Pérez et al., 2008). 
At the beginning of the long dry season in 2011, (July), freshly fallen leaf litter was collected from the 
three plots of each catchment. The collected leaves were air-dried, sorted into species and cleaned. 
Leaﬂets that were mined or partly eaten by herbivores were discarded. The leaves were then sealed 
into nylon bags with 2 mm mesh size and a surface area of 0.06 m
2
 (20 cm x 30 cm). 
The initial leaf litter mass in the litterbags was based on the average annual (April 2010 – May 2011) 
leaf litterfall per species. Because of the relatively small differences (less than 15%) in annual leaf 
litterfall (LLF) between the pristine forest and the Eucalyptus plantation an average of 385 g m
-2 
yr
-1 
was used, resulting in a total quantity of 23 g litter per litterbag. The fractions, computed by dividing 
the LLF mass of each tree species by the total annual LLF for each catchment were used to determine 
the quantity of leaf litter for each tree species. Litterbag types consisted of PE, CP, CG, the mixture of 
those three species (PE + CP + CG; PE =29.1, CP =23.9 and CG = 47% w/w) and the mixture of the 
two Eucalyptus species (ES + EM, ES = 94 and EM = 6% w/w). The single-species litterbags were 
installed in the pristine forest only, while litterbags with leaf mixtures (PE + CP + CG and ES + EM) 
were installed in both forest stands. Due to the very small (6%) contribution of EM leaves in litterfall, 
Eucalyptus leaves were only used as mixture. To test stand effect (e.g. microclimate) and the 
adaptation of decomposers for litter degradation, litter bags with leaf mixture were moved from the PF 
to the EP and from the EP to the PF. 
On October 18, 2011 all litterbags were installed on top of the forest floor after removing freshly 
fallen leaves and were fixed with two pieces of metal wire. In each of the six plots, three subplots of 2 
x 2 m were selected based on canopy differences and representativeness of the plot. All litter bags in 
one subplot were settled successively to each other, arranged per retrieval time to prevent from 
walking across litterbags when sampling. In the Nyungwe pristine forest 25 litterbags per subplot (5 
litter types x 5 retrieval times) were installed whereas in the Eucalyptus plantation there were 10 
litterbags per subplot (2 litter types x 5 retrieval times). Thus, in total 315 litterbags (225 in Nyungwe 
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pristine forest and 90 in the Eucalyptus plantation) were installed. From November 2011 until October 
2012, one litterbag per type was retrieved from each subplot 31, 61, 92, 189 and 361 days after 
installation. All overlain debris was removed and the litterbags were taken to the laboratory. The 
residual leaf litter in each litterbag was carefully cleaned by hand to remove all exogenous material 
such as roots and soil particles and then separately air dried. 
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Table 2.1. Location, elevation, slope, soil type (FAO-UNESCO-ISRIC, 1990) and parent material of selected plots in the pristine forest and the Eucalyptus 
plantation 
Site Plot Coordinates Elevation Slope Soil type
 
Parent 
material 
 
masl %   
N
y
u
n
g
w
e 
fo
re
st
 
A 2 28' 26.0" S, 29 06' 27.0" E 1933 10 Humic Cambisols / Humic Alisols Schists 
B 2 28' 31.6" S, 29 06' 25.3" E 1883 11 Humic (Dystric) Cambisols Quartzite 
C 2 28' 31.8" S, 29 06' 27.5" E 1929 11 Humic (Dystric) Cambisols Quartzite 
       
E
u
ca
ly
p
tu
s 
p
la
n
ta
ti
o
n
 A 2 26' 24.0" S, 29 05' 39.3" E 1934 14 HaplicFerralsols / Haplic (Humic) Acrisols Schists 
B 2 26' 21.8" S, 29 05' 38.3" E 1878 12 HaplicFerralsols / Haplic (Humic) Acrisols Schists 
C 2 26' 19.7" S, 29 05' 38.5" E 1854 12 Haplic Acrisols / Ferralic Cambisols Schists 
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2.3.4. Chemical analysis 
The initial chemical composition of each leaf litter type was analysed taking a subsample of the mass-
weighted mixed annual LLF for each plot. After preparation of litter samples and weighing them into tin 
capsules, the samples were analyzed for C and N by an elemental analyzer (EA) (ANCA-SL, SerCon, UK) 
coupled to an isotope ratio mass spectrometer (IRMS) (20-20, SerCon, UK). Total P was determined 
colorimetrically at 430 nm (Ultrospec 1000, Biochrom, England) after digestion with nitric acid (HNO3, 
65%) and perchloric acid (HClO4, 70%) in a 1:5 ratio. The concentration of total Na
+
, K
+
, Ca
2+
 and Mg
2+ 
was 
determined by analyzing the extracts prepared for P analysis by atomic absorption spectrophotometry 
(Varian SpectrAA-220, USA) (1:10 dilution, except for the blank). 
Lignin, hemicellulose and cellulose were analyzed according to the principle of sequential extraction 
followed by weighing the residue (Van Soest et al., 1991). The results are expressed as percentage of neutral 
detergent fiber (NDF, total cell wall), acid detergent fiber (ADF, cellulose and lignin) and acid detergent 
lignin (ADL). Using approximately 0.2 g of litter sample, the polyphenol content was analyzed. After 
extraction and filtration the concentration of polyphenols was measured by spectrophotometry (Ultrospect 
1000, Biochrom, England) at 760 nm (King and Heath, 1967). 
2.3.5. Data analysis 
Due to the high difference in leaf litter initial chemical composition, leaf litter decomposition data were 
analyzed using the composite-exponential model derived and described by Rovira and Rovira (2010), in 
which m was fixed since an equally good fit could be obtained with high m and high b, or low m and low b. 
Moreover, comparing litter types would not make sense if m is variable. 
 
t is the time in days, X0 and Xt are the initial and the remaining mass of litter at time t, respectively, and a, b 
and m instantaneous rates. The model originates from Olson’s exponential equation (xt/x0=e
-kt
; Olson, (1963), 
in which the decomposition rate k is constant. In the composite-exponential model the decomposition rate k 
decreases exponentially as a function of time (a + be
-mt
). Decomposition rates evolve from an initial value 
a+b (t→0) to a final value a (t→∞) with m the exponential rate of decay of b. The main advantage of this 
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model, compared to the often-used double exponential model that splits the decomposing substrate into a 
labile and a more recalcitrant fraction (Wieder and Lang, 1982), is that there are no a priori assumptions 
about the internal structure of the decomposing substrate (Rovira and Rovira, 2010). 
Data were analyzed using SPSS 16.0 for Windows and parameter solutions for the composite-decomposition 
model were obtained using the Marquardt-Levenberg algorithm. The normality of data distribution and 
equality of variances were tested before performing analysis of variance (ANOVA). The statistical 
significant difference was assigned at P < 0.05. The data for leaf litter chemical composition were first 
natural log-transformed to fulfill the normal distribution and equality of variances before one-way ANOVA 
was performed. 
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2.4. Results 
2.4.1. Forest inventory 
The pristine forest has a lower number of trees exceeding 6 cm diameter at 1.3 m height (839 ± 154 ha
-1
) 
than the Eucalyptus plantation (983 ± 93 ha
-1
). However, the Nyungwe pristine forest has a much higher total 
basal area of 62.7 ± 27.2 m
2 
ha
-1
 compared to the Eucalyptus plantation (13.7 ± 2.2 m
2 
ha
-1
) because of the 
larger tree diameters of PE species in the Nyungwe pristine forest (Table 2. 2). In the Nyungwe pristine 
forest, the dominant species was PE with the highest average tree number (322 ± 38 ha
-1
) and a basal area of 
58.6 ± 2.9 m
2
 ha
-1
. The number of CP and CG trees in Nyungwe was 278 ± 79 and 239 ± 96 ha
-1
, 
respectively, with a basal area of only 2.2 ± 1.5 and 1.9 ± 1.1 m
2 
ha
-1
, respectively. In the pristine forest, the 
number of trees with a diameter at 1.3 m height exceeding 30 cm accounted for 27% of the total tree number. 
In the Eucalyptus plantation, there were no trees exceeding 30 cm at 1.3 m height. The canopy was more 
open in the Eucalyptus plantation than in the Nyungwe pristine forest. Canopy openness varied from 17.9 to 
39.3% in Nyungwe pristine forest and from 38.9 to 53.1%in the Eucalyptus plantation. 
 
Table 2.2. Number (n, # ha
-1
) and basal area (BA, m
2
 ha
-1
) of dominant tree species with a diameter of more 
than 6 cm at 1.3 m height in the pristine forest and the Eucalyptus plantation (mean ± standard deviation, n = 
3 plots per forest type) 
 
Tree species Pristine forest Eucalyptus plantation 
 n (# ha
-1
) BA (m
2
 ha
-1
) n (# ha
-1
) BA (m
2
 ha
-1
) 
Parinari excelsa (PE) 322±38 58.6±28.6 - - 
Cleistanthus polystachyus(CP) 278±79 2.2±1.5 - - 
Carapa grandiflora(CG) 239±96 1.9±1.1 - - 
Eucalyptu ssaligna and E. maidenii(ES and EM) - - 983±93 13.7±2.2 
Total 839±155 62.7±27.2 983±93 13.7±2.2 
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2.4.2. Litterfall 
In the pristine forest, total annual litterfall was on average 4175 kg ha
-1 
in the first study year and 4053 kg ha
-
1
 in the second year. There was no significant difference in total litterfall between both years though 
differences occurred for the different litter fractions (Table 2.3). Peaks in leaf litterfall (LLF) occurred in the 
major (Jul-Aug) and minor (Dec-Jan) dry seasons and at the onset of the rainy season (Sep-Oct) (data not 
shown). In the Eucalyptus plantation, total litterfall was only 2221 kg ha
-1
 yr
-1
 and was significantly lower 
than in the pristine forest (Table 2.3). 
Intact leaves contributed 32% to the total litterfall in the pristine forest. A fraction of 32.9% (year 1) and 
26.8% (year 2) of the total litterfall consisted of leaf fragments that could not be identified to the species 
level (unidentifiable leaves) and were included in the LLF. Hence the LLF accounted for 75.4% and 68.7% 
of the total litterfall in the first and the second study year, respectively. In the Eucalyptus plantation, leaves 
contributed 79% to the total litterfall and unidentifiable parts contributed only 6%. In the first year, CG 
contributed about half of the identifiable LLF (47.0%) in the pristine forest, followed by PE (29%) and CP 
(24%). In the Eucalyptus plantation 94.1% of the leaves originated from ES, and only 5.9% from EM. 
Other litterfall fractions in the pristine forest such as twigs, fruits and flowers, bark, and mosses were 17.4, 
6.1, 2.9 and 7.9%, respectively, of the total litterfall for the first year and 15.6, 7.5, 4.3 and 13.6%, 
respectively, of the total litterfall for the second year. In the Eucalyptus plantation this was 9, 3.7, 2 and 0.1% 
for twigs, fruits plus flowers, bark and mosses, respectively. 
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Table 2.3. Litterfall in the pristine forest and the Eucalyptus plantation (kg ha
-1
yr
-1
); statistical differences between year 1 and year 2 in the pristine forest are 
indicated with different letters 
 Site Year Leaves
*
 Twigs Fruits and flowers Bark Mosses Rest
*
 Total 
Pristineforest        
PlotA 1 3458±59 892±53 343±26 161±22 341±15 0 5195±729 
 2 2696±36 630±53 368±27 178±15 549±18 0 4415±498 
Plot B 1 2243±31 475±16 148±7.3 71±3.1 283±12 0 3219±488 
 2 1862±20 461±18 204±7.9 113±3.6 518±13 0 3158±370 
Plot C 1 2509±43 814±43 282±14 132±8.9 372±12 0 4109±496 
 2 2598±35 809±51 345±17 240±6.8 593±12 0 4586±463 
Mean 1 2736±37a 727±30a 258±10a 122±7.1a 332±10a 0 4175±990a 
Mean 2 2384±23b 633±30b 306±15b 177±5.0b 553±10b 0 4053±780a 
EucalyptusPlantation       
Plot A 1 2273±47 158±23 80±5.9 61±5.9 7.0±1.9 133±10 2713±894 
Plot B 1 1816±16 232±20 109±9.1 38±5.3 0 92±7.0 2286±707 
Plot C 1 1173±23 215±9.4 61±6.3 40±3.8 0 174±8.3 1663±446 
Mean 1 1754±23 202±141 84±6.0 46±3.6 2.3±0.6 133±6.1 2221±528 
*
 The rest fraction in the pristine forest almost completely consisted of leaf fragments that could not be identified to the species level and was therefore included in 
the leaf fraction. 
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2.4.3. Initial leaf litter chemical composition of individual tree species 
The chemical composition of freshly fallen leaf litter of three dominant tree species in the Nyungwe pristine 
forest sites and two species in the Eucalyptus plantation showed significant differences for total C, N, and P, 
polyphenols, K, Na, Ca and Mg concentrations (P <0.05) (Table 2.4). The initial C content was higher in the 
LLF of the Eucalyptus species than for the forest species. The forest species, particularly CP, showed a 
higher N content compared to the Eucalyptus species. Consequently, the C:N ratio was lower for the forest 
species. For total P, the highest value was again observed for CP, but the other two forest species had also a 
higher P content in the leaves than the Eucalyptus leaves. The polyphenol content was much higher in the 
Eucalyptus species. Cations exhibited a different distribution between species as well, with higher contents 
of Na in Eucalyptus and higher concentrations of Ca and Mg in forest species, in particular for CP. PE had 
the highest cellulose, lignin and lignin:N; and CP the lowest lignin:N. Between forest species, CP had the 
lowest lignin and cellulose contents. Taking in account the mean values, species from the forest had higher 
cellulose, lignin and lignin:N (except CP) compared to Eucalyptus species (Table 2. 4). 
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Table 2.4. Initial composition (mean ± standard deviation, n = 3; except for lignin, cellulose and hemicelluloses) of leaf litter of Parinari excelsa (PE), Cleistanthus 
polystachyus (CP) and Carapa grandiflora (CG) in the pristine forest and of Eucalyptus saligna (ES) and E. maidenii (EM)in the Eucalyptus plantation 
Species N C C:N P Polyphenols K Ca Mg Na Cellulose Hemicellulose Lignin Lignin:N 
 -------%------  ----------------------------------mg g
-1
-------------------------------  ------------------% ----------------  
PE 1.6±0.0b 43.8±0.6a 25.9±0.7a 7.9±0.3a 21.1±1.7b 1.6±0.18c 8.1±0.1c 1.1±0.0c 0.4±0.4a 22.8 11.9 31.2 19.5 
CP 2.4±0.0a 42.9±0.6a 17.4±0.2b 17.9±0.3b 16.5±2.8a 4.1±0.3ab 23.1±2.2a 3.3±0.2a 0.4±0.2a 18.9 12.4 14.3 5.9 
CG 1.7±0.0b 45.7±0.5b 26.2±1.0a 8.7±0.1a 18.6±1.8a 3.3±0.1b 18.0±2.8a 2.4±0.2b 0.3±0.3a 21 10.6 29.6 17.4 
ES 1.1±0.0c 49.9±0.3c 42.4±1.5c 3.6±1.4c 101.5±6.5c 5.5±1.9a 14.1±3.6b 1.5±0.6bc 2.5±0.7b 16.6 11.5 14.7 13.3 
EM 1.0±0.0c 50.2±0.2c 49.0±0.5d 4.8±0.5c 166.8±13.6d 3.7±0.7b 11.7±2.3b 2.0±0.2bc 2.5±0.3b 14.6 10.8 13.3 13.3 
Data in one column with the same letter do not differ significantly (P ≤ 0.05) between the species. 
Litterfall and leaf litter decomposition 
46 
 
2.4.4. Litter decomposition 
In the pristine forest the average mass loss for all litterbag treatments after 361 days was highest for CP 
(71.9% of the initial mass) and forest litter mixture (PE+CP+CG; 69.6 %) followed by the mixture of 
Eucalyptus litter (60.1%), CG (54%), and finally PE (40.3%) (Fig. 2.1, 2.2 and Table 2.5). In the Eucalyptus 
plantation, 59.0% of the forest mixture and 56.7% of the Eucalyptus mixture were lost after 361 days (Fig. 
2.2, Table 2.5). Initial and final litter decay rates are shown in Table 2.5. When comparing initial decay rates 
in the pristine forest it was clear that CP showed a significantly higher decay rate followed by the forest litter 
mixture (CP+PE+CG), CG, EU and finally PE with the lowest initial decay rate. The final decay rates 
showed the following order: forest litter mixture (CP+PE+CG) > CP = CG = EU >PE. The initial decay rates 
of the forest mixture showed equal rates in the forest and the Eucalyptus plantation, while the Eucalyptus 
mixture showed a slightly smaller initial decay rate in the Eucalyptus plantation than in the pristine forest. 
The final decay rate of the forest litter mixture was larger in the forest than in the Eucalyptus plantation. 
 
Figure 2.1. Measured and modeled (lines) remaining leaf litter mass (as % of the initial mass = 100%) of the pristine 
forest species: Parinari excels (PE), Cleistanthus polystachyus (CP), Carapa grandiflora (CG) and their mixture 
(PE+CP+CG) decomposing in the pristine forest; error bars represent plus minus one standard deviation 
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Figure 2.2. Measured and modelled (lines) remaining leaf litter mass (as % of the initial mass = 100%) of the forest 
mixture (PE+CP+CG) and the Eucalyptus mixture decomposing in the pristine forest and the Eucalyptus plantation; 
error bars represent plus minus one standard deviation 
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Table 2.5. Initial(a+b) and final (a) leaf litter decay rate (day
-1
) and percent (%) of initial litter mass remaining after 361 days in the pristine forest and the Eucalyptus 
plantation for Parinari excela(PE), Cleistanthus polystachyus(CP),Carapagrandiflora(CG), Eucalyptus mixture (ES+EM) and forest mixture (CP+PE+CG) 
 
 Pristine forest 
 
Eucalyptus plantation 
 
 PE CP CG CP+PE+CG EU CP+PE+CG EU 
Initial decay rate (a+b) 
 
0.0094 ± 0.000e 
 
0.0330±0.0022a 
 
0.0148 ± 0.0006bc 
 
0.0160 ± 0.004b 
 
0.0138 ± 0.003c 
 
0.0168 ± 0.0006b 
 
0.0114 ± 0.0004d 
 
Final decay rate (a) 
 
0.0008 ± 0.0002c 
 
0.0014±0.0006b 
 
0.0013 ± 0.0002b 
 
0.0021 ± 0.000a 
 
0.0017 ± 0.000b 
 
0.0012 ± 0.0003b 
 
0.0017 ± 0.0001b 
 
Remaining litter mass (% 
of initial) 
59.7 ± 3.6a 
 
 
28.1 ± 5.2d 
 
 
45.6 ± 3.5b 
 
 
30.4 ± 5.3cd 
 
 
39.9 ± 1.1bc 
 
 
41.0±2.7b 
 
 
43.3 ± 2.3b 
 
 
Data in the same row with a similar letter do no differ significantly (P ≤ 0.005); during simulation ‘m’ was fixed at 0.037; LSD for ‘a’ was 0.00052, for ‘a+b’ 0.0019 
and for the remaining mass 6.4
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2.5. Discussion 
2.5.1. Litterfall 
The annual litterfall in the Nyungwe pristine forest was almost double than in the Eucalyptus 
plantation but the contribution of leaves to total litterfall was higher in the Eucalyptus plantation. The 
proportional contribution of leaves to total litterfall agrees well with values of 60-76% in forests 
worldwide (Bray and Gorham 1964) and for other tropical forests (Moraes et al., 1999; Ramos and 
Pellens, 1994; Britez, 1994; Silva, 1984; Meguro et al., 1979).  
When comparing litterfall results with other studies for primary forest and (Eucalyptus) plantations, 
total amounts are, in general, less than the maxima obtained in other regions (Moraes et al., 1999; Guo 
et al., 2006). In our experiment the total litterfall could be underestimated because of the likely 
underestimation of bark fall, which occurs mainly locally close to the trees and the elimination of 
twigs with a diameter more than 2 cm, following Proctor (1983), when litter were sorted. 
For the pristine forest, no difference in total litterfall was observed between the two years. Litterfall 
quantity varied according to season and peaks occurred in both dry season and at the onset of the rainy 
season. This is in line with studies of tropical forests and plantations over the world where a leaf 
litterfall peak occurs in the dry season (Hopkins, 1966; Brown and Lugo, 1990; Kumar and Deepu, 
1992; Sundarapandian and Swamy, 1999, cited by Barlow et al., 2007) and in the Brazilian Amazon 
where a second peak of leaf litterfall corresponds with high winds in the wet season (Mesquita et al., 
1998). Leaf fall peaks during the rainy season occur in regions where water stress is moderate 
(Jackson 1978 in Moraes et al., 1999) or where the dry season is not very distinct (Jackson, 1978; 
Domingos et al., 1990; Leitao et al., 1993; Britez, 1994 in Moraes et al., 1999).  
2.5.2. Decomposition of mono-specific litters and litter mixture 
Leaf litter decomposition is a complex process influenced by tree species, microclimate and soil 
properties. Several authors indicated that the role of litter quality for enhancing decomposer activities 
is at least as important as abiotic (e.g. temperature, soil moisture) factors in tropical (Loranger et 
al.,2002) and temperate forests (Madritch and Cardinale, 2007). Tree species impact decay dynamics 
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by supplying litter of a specific quality and by generating species-specific micro-environmental 
conditions. In addition, it should be noted that physical leaf properties (e.g. leaf thickness, roughness, 
toughness) influence decomposition (Bakker et al., 2011; Gallardo and Merino, 1993).  
In general, the remaining litter mass in our study is in line with previous findings for other tropical 
forests (Weerakkody and Parkinson, 2006; Peh et al., 2012). Further, our results confirm findings from 
previous studies that leaf species of high quality have higher decomposition rates than those of lower 
quality (e.g. Melillo et al., 1982; Heal et al., 1997; Hector et al., 2000; Hättenschwiler et al., 2005) and 
that litter quality is a major determinant of decomposition in tropical forests (Lavelle et al. 1993). The 
faster decomposition of CP litter is explained by its optimal chemical composition (high N, high Ca 
and low lignin). Krashevska et al. (2012) suggested that the difference between the decay of litter 
species in tropical mountain rainforests is related to its N content, which is an important driving factor 
for soil microbial communities. Litter N is positively related to initial decomposition rates (Melillo et 
al. 1982) and has often been identified as a rate-enhancing factor for early decomposition (Gallardo 
and Merino, 1993; Berg, 2000; Hobbie et al., 2012). The lowest decomposition of PE is not only 
linked to the high C:N ratio, but also to its high lignin content. The negative influence of lignin content 
on leaf litter decomposition rate has been observed in several different forest ecosystems (Ewel, 1976; 
Aerts, 1997; Fioretto et al., 2005; Ngao et al., 2009). Most litter quality indicators marginally differ 
between CG and PE. Hence, the difference in decomposition between CG and PE is likely explained 
by the higher Ca content in CG (Chadwick et al., 1998; Hobbie et al., 2006; Davey et al., 2007; Ngao 
et al., 2009). An additional factor explaining the relatively low decomposition of Eucalyptus litter is its 
high polyphenol content (Berg and Laskowski, 2006). 
During the decomposition of leaf litter a vast array of chemical, physical and biological agents act 
upon litter constituents changing their composition and concentration with time (Berg and 
McClaugherty, 2008; Ngao et al., 2009). While early decomposition is often determined by the 
availability of limiting macro-elements, such as N, litter loss at later stages has been related to the 
availability of micronutrients, such as Mn and Ca. Moreover, high litter N content suppresses lignin 
degradation by hindering the formation of lignolitic enzymes in lignin-degrading organisms, thus 
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impending litter decomposition in the later stage (Eriksson et al., 1990; Hatakka, 2001, 2005; Ngao et 
al., 2009). Calcium and Mn are lignin-degrading co-factors (Aponte et al., 2012). Calcium supports the 
growth of white rot fungal species since it is an essential co-factor of its lignin-degrading enzyme 
(Eriksson et al., 1990). In general, litter Ca has also been related to increased microbial activity, fungal 
and earthworm abundance and diversity and forest floor removal rates (Berg et al., 2003; Reich et al., 
2005; Hobbie et al., 2006; Aponte et al., 2010). All together, N and Ca contents therefore explain the 
shift in relative initial and final decay rates of CP and CG litter types. 
Litter mixtures often decay faster than the expected mass loss derived from the individual mono-
specific litter types in the mixture. This is particularly true when litter mixing increases the mean N 
content and the availability of non-labile compounds (Pérez et al., 1998). In this study, the initial 
decay rate of the forest litter mixture (CP+PE+CG) was lower than expected from its weighed 
composition (0.020 day
-1
) indicating the absence of an additive effect. Potentially, the relatively low 
contribution of the high quality CP litter in the total litter mixture may have suppressed its additive 
impact on the initial decomposition rate of the forest litter mixture. In contrast, the final decay rate was 
higher than expected from the weighed average (0.00117 day
-1
). This is in line with the high 
proportional contribution of CG (relatively low N and high Ca content) in the mixture and indicates 
that an additive mixture effect comes into play at later stages of litter decomposition when degradation 
of recalcitrant litter components becomes important. 
It has been suggested that the decomposition rate may be influenced by interactions of many variables, 
including environmental conditions (Meentemeyer, 1984, Ngao et al., 2009) and soil fauna (Heneghan 
et al., 1999). Although soil fauna was not assessed in this study, mixed litter has been shown to display 
a more diverse decomposer community (Torti et al., 2001). Therefore, this could also explain why the 
remaining litter mass of PE+CP+CG (30.4%) was less than expected from the weighed average 
(45.5%). Finally, the importance of additive effects in the final stage of decay points to the need to 
perform decomposition studies over longer periods. 
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2.5.3. Stand effects on litter decomposition 
In general, litter decomposes faster beneath the tree species from which it is derived than beneath 
other tree covers, which could be explained as an adaptation of local soil communities to the litter 
produced by the above plant species (Negrette et al., 2008, Ayres et al., 2009). In the present study, 
forest litter mixture gave a lower remaining mass in its own stand than in Eucalyptus and importantly 
also a higher final decay rate. Stand type did not affect decomposition of the lower quality Eucalyptus 
litter mixture. 
The forest stand with lower canopy openness and thick humus layer is expected to have enhanced 
humidity as compared to the Eucalyptus plantation. Decomposition processes are known to be 
influenced by litter quality and environmental conditions, especially soil humidity (Ngao et al., 2009). 
This might explain the increased amount of remaining forest mixture litter and reduced final decay 
rate when incubated in the Eucalyptus stand. 
We observed such a lack of home field advantage for the Eucalyptus litter. High-quality litter is 
decomposed by almost all decomposers because no specific adaptations are necessary. However, a 
community of specialized decomposers may adjust to different litter types by shifts in abundance of 
individual decomposer species according to litter stoichiometry as long as species occur at low 
abundances or species are able to colonize the site (Giebelman et al., 2011). Probably this was the case 
for the Eucalyptus litter in the pristine forest, likely in combination with the higher humidity in the 
forest stand. 
2.6. Conclusion 
The Nyungwe pristine forest produced more litter than the Eucalyptus plantation, but the obtained 
amounts were, in general, lower compared to other studies in tropical forests. The contribution of 
leaves to the total litterfall is in line with ranges obtained elsewhere for tropical forests. Litterfall 
showed peaks in dry seasons and another peak at the onset of the rainy season. In general, litter 
decomposition started with a fast decay rate, which decreased towards the end of the decomposition 
period and could be explained by litter quality. Mixed-species litter gave a negative and positive 
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additive effect compared to single-species litter for initial and final decay rates, respectively. Finally, 
we observed an effect of stand type for the forest litter mixture only. Hence, owing to the lower 
amount of litter, chemical composition and decomposition rate, the annual nutrient return to the 
Eucalyptus plantation via litter decomposition is lower than the pristine forest leading to nutrient 
depletion in the long-term. Lastly, final decay rates were essential to explain differences in remaining 
litter mass; hence the need to perform decomposition studies over longer time periods to generate data 
to correctly validate process-based vegetation models. 
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Chapter 3 
Throughfall, litter percolation and soil solution composition and fluxes in a 
tropical mountain rain forest and Eucalyptus plantation 
 
 
 
This chapter has been edited from: 
Cizungu, L., Staelens, J., Huygens, D., Walangululu, J., Mbonigaba, J.J., Rutebuka, J., Van Cleemput, 
O. and Boeckx, P. Throughfall, litter percolation and soil solution fluxes and composition in a tropical 
mountain rain forest and Eucalyptus plantation. Submitted to Forest Ecology and Management Journal 
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3.1. Abstract 
Throughfall, litter percolation and soil solution composition and fluxes were investigated in a pristine 
forest (PF) and a neighboring Eucalyptus plantation (EP) located in and nearby the Nyungwe tropical 
mountain rain forest in Rwanda. The average incident rainfall during the two years experimental 
period was 2520±23 mm yr
-1
. Canopy interception was higher in the pristine forest (43%) than in the 
Eucalyptus plantation (31%). The canopy of both forests retained NH4
+
, while NO3
-
was released by 
the PF, but retained by the EP canopy. Cations (Na
+
, K
+
, Ca
2+
 and Mg
2+
) were released by both 
canopies, but to a larger extent in PF than in EP except for Na
+
. In the rooting zone, NH4
+
and cations 
were absorbed while NO3
- 
was leached. In PF, NO3
- 
and NH4
+ 
represented 89 and 11% of the total N 
loss and 79 and 21% in EP. Inorganic N losses by leaching were 49% of total throughfall input in PF, 
and 60% more than total thoughfall input in EP. The total amount of inorganic N leaving the PF 
catchment via stream water was 20.8 kg N ha
-1 
yr
-1
. Isotope composition measurements showed that 
NO3
-
 in throughfall was mainly from atmospheric deposition while in litter percolation, soil solution 
and river water, it mainly originated from soil N. However, potentially NO3
-
 loss is only a minor 
fraction of total dissolved N loss, as DON concentrations are much higher than DIN concentrations in 
soil solution.Our results clearly showed that 1) changing a tropical mountain forest into Eucalyptus 
plantation has a profound impact on biogeochemical cycles, and 2) the Nyungwe tropical mountain 
forest ecosystem shows an apparent loss of bioavailable N in the form of NO3
-
 and likely also DON. 
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3.2. Introduction 
Among tropical forests, Central Africa contains the second largest area of contiguous forest of the 
world (Mayaux et al., 2006; Devers, 2010). A threat for tropical forests involves its conversion to 
plantations and agricultural areas, with expected negative impacts on ecosystem services and 
biodiversity (Mayaux et al., 1998; Fearnside, 2000; Duveiller et al., 2008; Devers, 2010; Gibson et al., 
2011). Land use conversion alsostrongly influences watershed nutrient fluxes (Malmer, 1996; Legesse 
et al., 2003; Sun and Segura, 2013), but detailed understanding of nutrient budgets in natural and 
managed tropical forest ecosystems is largely missing. The substitution of native vegetation and 
associated logging practices may generate profound impacts on stream water quality through biomass 
removal, soil erosion and altered soil nutrient cycling (Wang et al., 2001; Lenhart et al., 2003; 
Templer et al., 2005; Guo et al., 2007). Especially, the effect on nitrogen (N) export upon converting 
native tropical forests to fast-growing exotic plantations is poorly understood (McGrath et al., 2001; 
Laclau et al., 2010b). Moreover, nutrient balance studies that assess land use change effects are mainly 
focused on South and Central American and Asian tropical forest ecosystems (McGrath et al., 2001; 
Priess et al., 2001; Guo and Gifford, 2002; Bubbet al., 2004; Astover et al., 2006; Zhao et al., 2006), 
with few research undertaken in Central Africa (Calder et al., 1995; Houghton and Hackler, 2002). 
The chemical composition of rainfall in forest ecosystems is strongly altered by vegetation canopies 
before it reaches the forest floor (Chuyong et al., 2004; Herrmann et al., 2006; Zimmermann et al., 
2007; Umana and Wanek, 2010).Compared to bulk precipitation, the chemical composition of 
throughfall and stemflow is generally altered as a result of the washing off of airborne particles and 
dry deposition and the uptake and release of substances by plants and microbes on the plant surfaces 
(Parker, 1983; Chuyong et al., 2004; Umana and Wanek, 2010). For tropical forests, the major 
challenge is to determine baseline N balances as global change scenarios predict increased N inputs, 
which may affect N dynamics and net primary tropical forest ecosystem productivity (Matson et al., 
1999; Janssens et al., 2010). Moreover, the direct effects of N deposition on N cycling processes may 
lead to increased fluxes at the soil-water and soil-atmosphere interfaces. The paradigm of N saturation 
predicts that after maximal N accumulation in plant and soil microbial biomass, excess N will leave 
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the forest ecosystem via leaching or gaseous emissions (Matson et al., 1999). In general, there is a lag 
between the onset of N deposition and consequences on soil N cycling and losses (Peterjohn et al., 
1996; Matson et al., 1999; Corre et al., 2003, 2010). Nitrogen can be added and retained firstly within 
the systems for a number of years, but with continued additions, N dynamics within the systems are 
altered progressively leading to increased N losses towards the environment (Peterjohn et al., 1996; 
Matson et al., 1999). An analysis of the oxygen isotopic signatureof stream water nitrate (18O-NO3) in 
tropical forests showed that exports are mostly derived from the plant-soil system rather than directly 
from atmospheric deposition (Brookshire et al., 2012). Tropical (mountain) forests are often 
characterized by sustained losses of bioavailable N, which must be balanced by atmospheric 
deposition or biological N fixation (Hedin et al., 2009). Free-living N fixation in N-poor niches (e.g. 
litter layer) is suggested to overregulate N cycling in tropical forests (Hedin et al., 2003; Hedin et al., 
2009; Menge et al., 2009; Brookshire et al., 2012). 
In conjunction with the contiguous forest in Kabira National Park (Burundi), the Nyungwe forest area 
in Rwanda forms one of the largest blocks of mountain forest in Africa (Weber, 1989; Vedder et al., 
1992). Due to its dimension and altitude range (1600-2950 m), Nyungwe represents a key area for 
rainforest conservation in Central Africa. Nyungwe forest is of high ecological, social and economic 
value but has suffered from deforestation, invasion by exotic species, fragmentation, and in part 
conversion to mono-specific tree and tea plantations (FAO, 2000; UNEP, 2002; MINITERE, 2003). 
Between 1958 and 1979 the forest reserve has reduced in size from 1141 km
2
 to 971 km
2
 through 
encroachment by local farmers (Weber, 1989). As a result, buffer plantations were established along 
the edge of Nyungwe forest, to mark the boundaries of the forest reserve and to act as buffer between 
local communities and the interior of the forest. 
Our objectives were (i) to determine throughfall, humus percolation and soil solution fluxes and 
composition in the pristine Nyungwe forest and an adjacent Eucalyptus plantation, (ii) to quantify N 
losses via surface water from a micro-catchment within the pristine forest and (iii) to determine the 
source of NO3
-
 in surface and soil water in the pristine forest. 
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3.3. Material and methods 
3.3.1. Study site 
The study was carried out in the Nyungwe tropical mountain rainforest, one of the ecologically most 
important mountain rainforests in Central Africa and a nearby unmanaged and young Eucalyptus 
plantation. Nyungwe forest is located in the southwestern part of Rwanda (2°15'–2°55' S, 29°00'– 
29°30' E) in close vicinity of the Nile river basin to the east and the Congo river basin to the west. The 
climate of Nyungwe forest is tropical humid. In the present study, two paired catchments were 
selected, one in the Nyungwe pristine forest and another one in a nearby Eucalyptus plantation in the 
buffer zone surrounding the forest. The number of trees per plot with a diameter larger than 6 cm at 
1.3 m height was determined (Table 2.2). To estimate canopy openness a method based on digital 
image analysis was used. For more details onthe site see “study site characterization” in 1.4.1. 
3.3.2. Data collection 
Throughfall and soil solution were sampled during two years (May 2010 – April 2012) in PF and for 
one year (May 2010 - April 2011) in EP. Litter percolation and river water were sampled during two 
years in PF only (in EP no litter layer was present). Bulk precipitation was also collected during two 
years (May 2010 - April 2012) in the nearest open area (2°28’52.5” S, 29°06’40.7” E 1947 masl). Each 
of the six plots (three per forest type) was equipped with eight throughfall collectors and three or four 
suction cup lysimeters to collect soil solution water. In PF, six zero tension lysimeters per plot were 
installed to sample litter percolation water. Bulk precipitation was collected using four collectors. 
Throughfall and bulk precipitation were collected using polyethylene (PE) funnels (0.143 m diameter) 
supported by a wooden pole of 1.5 m height on which a polyethylene tube was attached and draining 
into 5-L PE container. A nylon mesh was placed in the neck of the funnel to avoid contamination by 
large particles. The container was partly buried in the soil and covered by leaves to avoid the growth 
of algae and to keep the samples cool. The throughfall collectors were set up in a systematic design (8 
x 8 m; two lines of four collectors). Suction cup lysimeters consisted of a PVC tube fitted with a 
porous ceramic cup at a depth of 80 cm and connected to a buried opaque 1-L glass bottle by a PE 
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tube. A pressure of -500 hPa was applied on each sampling occasion. The zero tension lysimeters 
consisted of a PVC gutter closed by a 1-mm nylon mesh, with a surface area of 0.0324 m
2
. The top of 
the gutter was installed just below the litter layer and the collected litter percolation water flew into a 
1.5-L PVC bottle that was buried into the soil. 
River water was sampled at the outlet point of the PF catchment where a V-notch (90°) wire was 
installed to survey the river water flux and composition. The height of the water and the flow rate was 
recorded every two weeks. The flow rate was estimated by the “bucket method” using a bucket and a 
stopwatch. The total area of the PF catchment was calculated by walking around the entire catchment 
using a GPS taking in account the topograpgic divides. No river water could be collected in EP due to 
inaccessible streams. 
All water samples were collected fortnightly starting on May 4, 2010. Data collection in EP had to be 
stopped after one year because of unplanned harvesting. On each sampling occasion, the water volume 
in each collector was measured in the field, and recipients, funnels and mesh were replaced by others, 
rinsed and/or washed with distilled water. A volume-weighted composite sample per type of water 
collecting device per plot was made. 
3.3.3. Chemical analysis 
The pH of each composite water sample was measured biweekly, while other chemical analyses were 
carried out on a monthly basis. The volume-weighted monthly composite samples were first filtered 
using a nylon membrane filter of 0.45 µm. Ammonium and NO3
-
 were determined colorimetrically 
(AA3, Bran &Luebbe, Germany), while cations (K
+
, Ca
2+
, Mg
2+
, Na
+
) were determined by atomic 
absorption spectrophotometry (Eppendorf, Netheler&Hinz GmbH Hamburg, Germany). When the 
concentration was below the detection limit we assumed the concentration to be half of the detection 
limit accordint to Croghan and Egeghy, 2003. When there was no or not enough sample (e.g. during 
the dry season), the concentration concerned was set at zero. When the water sample for half of the 
month was missing we used relationships between the water volume and the concentration per 
component. Ammonium and NO3
-
 were analyzed for two years in the PF and for only one year in the 
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EP while base cations were analyzed only for one year in both stands. Values presented here are 
averages and standard deviations calculated from three plots except for the bulk precipitation. 
A total organic carbon analyzer (TOC-5000, Shimadzu,Germany) was used to measure total inorganic 
carbon (TIC) and total organic carbon (TOC) in the soil solution water. We used the alkaline 
persulfate oxidation for analysis of total dissolved N (TDN) in order to convert ammonium and total 
dissolved N into nitrate (Lachouani et al., 2010). Dissolved organic nitrogen (DON) was determined 
as the difference between TDN and dissolved inorganic nitrogen (ammonium and nitrate). 
The isotope ratios of N and oxygen (O) in NO3
-
 were analyzed for a subset of the collected PF 
samples. Four sampling periods (beginning of the dry period, the beginning, peak and end of the rainy 
period) and four compartments (throughfall, litter percolation, soil solution and river water) were 
considered according to the hydrograph of the river to demonstrate the origin of NO3
-
 in PF water. 
Samples were analyzed for δ15N- and δ18O-NO3
-
via the bacterial denitrification method (see details in 
Sigmanet al., 2001; Casciotiet al., 2002; Xueet al., 2010; Xue et al., 2012). Finally, 
15
N and 
18
O was 
analyzed from the produced N2O using a trace gas unit (TG-II, SerCon, UK) interfaced with an isotope 
ratio mass spectrometer (20-20, SerCon, UK). 
3.3.4. Data processing and analysis 
The average bulk precipitation and throughfall water volume per plot was calculated as the mean of all 
collectors. The average throughfall water flux was obtained by dividing the average water volume by 
the surface area of the collector. Element deposition was calculated by multiplying the water volume 
with the element concentration in that volume (De Schrijveret al., 2004). 
The chemical composition of throughfall is generally altered when passing through the canopy. This 
transformation results from washing of dry deposition of aerosols and gases, canopy leaching, i.e. 
release of ions from plant tissues or canopy uptake (Parker, 1983). The net total effect of the canopy 
on depositions is obtained by subtracting the incident precipitation deposition from throughfall 
deposition and is designated as net throughfall water (NTF). Negative NTF values indicate retention 
by the canopy, positive NTF values indicate release from the canopy. The canopy budget model 
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(Ulrich 1983; De Vries et al., 1998) was used to estimate the contribution of dry deposition and 
canopy leaching or uptake to net throughfall water. Following Parker (1983), we calculated the 
deposition quantity of net throughfall water (NTW, kg ha
-1
 yr
-1
) to obtain the total effect of the canopy 
on deposition in the forest: 
NTF = TF - BD = DD + CE; 
where BD= bulk deposition, TF= throughfall, DD = dry deposition, and CE = canopy exchange (with 
canopy leaching if CE > 0 and canopy uptake if CE < 0). In the canopy budget method, Na
+
 is 
assumed to be inert with respect to the canopy, i.e. neither uptake nor leakage occurs. Furthermore, 
particles containing K
+
, Ca
2+
 and Mg
2+
 are assumed to have the same deposition velocity as Na
+
, as 
expressed by a dry deposition factor (DDF): 
DDF =
(𝑇𝐹 − 𝐵𝐷)𝑁𝑎
𝐵𝐷𝑁𝑎
 
Dry deposition of K
+
, Ca
2+
 and Mg
2+
 is then calculated as bulk deposition multiplied by this DDF: 
DDx = BDy.x DDF; 
where y = K
+
, Ca
2+
 or Mg
2+
. 
The litter percolation flux was calculated through multiplication of the litter percolation water flux 
with the mean element concentration in the litter percolation water. This flux was likely 
underestimated due to the very low volume of water in the litter percolation collectors. The leaching 
flux at the level of the suction cup lysimeters was calculated using the Chloride Mass Balance (CBM) 
method (De Schrijveret al., 2004). This method is based on the assumption of conservation of mass 
between the input of atmospheric chloride and the chloride flux in the subsurface (Eriksson and 
Khunakasem, 1969). The height of the river water was related to the flow rate. The nutrient 
concentration in the collected water was used to calculate the total nutrient output per surface area of 
the catchment. 
One-way ANOVA was performed to detect statistical differences between sampling compartmentsand 
sites. All analyses were carried out using SPSS 16.0. 
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3.4. Results 
3.4.1. Hydrological fluxes 
Rainfall was observed during the whole period of the study, except in the main dry season (June-
August). Rainfall was low or absent in July (beginning of the dry season) and August and increased 
sharply from September and peaked in December (Fig.3.2A). In the first and second year incident 
precipitation was 2535 and 2506 mm, respectively (Table 3.1). Throughfall in PF was 1437 mm 
(56.0% of incident precipitation), in the first year, and 1450 mm (57.8% of incident precipitation), in 
the second year. In EP throughfall was higher: 1760 mm (69.4% of incident precipitation) (Table 3.1). 
In PF litter percolation was 96 and 105 mm or on average 6.6 and 7.2% of the water input via 
throughfall for the first and the second year, respectively. The leaching water flux was 747 and 447 
mm in PF and EP, respectively, for the first sampling year. It was not possible to calculate percolation 
water fluxes for the second year due to lack of base cations analysis. The annual water export by the 
river at the catchment level was 3356 mm. 
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Table 3.1. Water (mm) and nutrient fluxes(kg ha
-1
) in Nyungwe pristine forest (PF) and the Eucalyptus plantation (EP); bulk precipitation (BP), throughfall 
(TF), litter percolation (H), soil solution (CER), Net throughfall (NTF) was calculated as the difference between TF and BP. Dry deposition (DD) and canopy 
exchange (CE) were calculated using a canopy budget model; for BP errors are monthly variation while for other data they are spatial plus monthly variations; 
values with the same letter for the same compartment for different stands are not statistically different 
Site Year 
 
Water pH H+ NH4
+-N NO3
--N Na+ K+ Ca2+ Mg2+ Cl- 
Open field 1 BP 2535 5.34 0.21 2.80 3.61 3.84 12.03 5.66 2.08 5.07 
 2 BP 2506 4.44 1.94 3.30 4.56      
Pristine forest 1 TF 1437±161a 4.50±0.58a 1.05±0.12a 2.65±1.03a 5.04±2.24a 3.85±0.17a 36.17±7.14a 13.66±1.81a 5.93±0.86a 4.87±0.64a 
 
1 NTF 
  
0.84 -0.15 1.43 0.01 24.14 8.00 3.85 -0.20 
 
1 DD 
  
0.00 0.01 0.01 0.01 0.03 0.01 0.01 0.01 
 
1 CE 
  
0.84 -0.15 1.42 0.00 24.11 7.99 3.84 -0.21 
 
1 H 96±27a 3.42±0.54a 0.80±0.09a 0.73±0.33a 1.08±0.88a 0.27±0.04 2.19±0.70 1.57±0.34 0.25±0.08 0.25±0.00 
 
1 CER 747 3.90±0.50 1.84 0.22 3.60 1.64 2.01 0.82 0.74 0.21 
 
2 TF 1450±53a 4.50±0.39a 0.84±0.08b 2.22±0.27a 4.93±1.63a 
     
 
2 NTF 
  
-1.10 -1.08 0.37 
     
 
2 DD 
          
 
2 CE 
          
 
2 H 105±24b 3.35±0.32a 0.71±0.04b 0.66±0.23b 0.56±0.22a 
     
 
2 CER - 3.72±0.23 0.97 0.44 1.57 
     Eucalyptus plantation 1 TF 1760±35b 4.77±0.43a 0.46±0.03c 2.19±0.80a 1.71±0.60b 5.04±0.15b 12.26±1.09b 8.46±1.62b 2.59±0.18b 5.54±0.29b 
 
1 NTF 
  
0.25 -0.61 -1.90 1.20 0.23 2.80 0.51 0.47 
 
1 DD 
  
0.07 0.87 1.13 1.20 3.76 1.77 0.65 1.58 
 
1 CE 
  
0.18 -1.48 -3.03 0.00 -3.53 1.03 -0.14 -1.11 
 
1 H 
          
 
1 CER 447 4.25±0.30 0.50 1.29 4.91 1.16 2.90 1.92 1.38 0.40 
DDF-Na
+
 = 0.003 for the pristine forest and 0.31 for the eucalyptus plantation. 
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Figure 3.1. NO3
-
, NO2
-
and NH4
+
concentration (mg N L
-1
) in throughfall, litter percolation, soil solution and river 
water for four sampling periods (1:dry season, 2:early rain season, 3: peak rain season and 4:end rain season) in 
the pristine forest 
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Figure 3.2.Water volume (A) and monthly input of NH4
+
(B) and NO3
-
 (C) via bulk precipitation (BP) and 
thoughfall (TF) (left panels) and percolation water (CER) (right panels) in the pristine forest and the Eucalyptus 
plantation  BP and TF are averaged over two sampling years (May 2010 – April 2012) and tree repeated plots 
(for TF); error bars show error propagated standard deviations; each sampling time (1-13) represents a period of 
four weeks (28 days) 
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3.4.2. Canopy nutrient fluxes 
Average pH values were low. For bulk precipitation, pH was 5.3 for the first sampling year and 4.4 for 
the second and average throughfall pH in PF was 4.5 in year 1 and 2, while the latter was 4.8 in EP 
(Table 3.1). Annual NH4
+
-N deposition was always higher in bulk precipitation compared to 
thoughfall in PF and EP. Annual NH4
+
throughfall deposition was similar in PF and EP. Net 
throughfall NH4
+
 deposition was -0.15 to -1.08 and -0.61 kg N ha
-1
 year
-1
for PF and EP, respectively. 
Hence the PF canopy retained 5 - 33%, while the EP canopy retained 29% of its NH4
+
deposition. 
Annual NO3
-
throughfall deposition was higher in PF than EP. In PF throughfall deposition of NO3
-
was 
higher than in bulk precipitation for the first and second sampling year, but the opposite was found in 
EP (Table 3.1). Net throughfall deposition of NO3
-
 was 1.43 and 0.37 in the PF for the first and the 
second year, while in EP it was -1.90. The PF canopy released a quantity of NO3
-
equal to 39.6 and 
8.1% of the total NO3
-
deposited by bulk precipitation for the first and the second sampling year 
respectively, while in the EP 52.6% of NO3
-
via bulk precipitation was retained by the canopy. The 
NH4
+
/NO3
-
 ratio was 0.77-0.72, 0.52-0.45 and 1.16 in bulk precipitation, PF throughfall and EP 
throughfall, respectively. 
In all stands net throughfall deposition was positive for all cations. Relative to total bulk deposition, 
throughfall deposition of Na
+
,Ca
2+
, K
+
 and Mg
2+
was enriched by a factor 1.0, 2.4, 3.0 and 2.8 in PF 
while in EP enrichment was by a factor of 1.3, 1.5, 1.0 and 1.2, respectively. For all nutrients, DD was 
higher in EP than in PF. 
3.4. 3. Litter percolation and soil leaching 
The pH values in litter percolation and leaching water were low. From BP to TF and CER pH values 
decreased in PF and EP (Table 3.1) while in PF from H to CER the pH value increased slightly. 
For cations, soil solution fluxes were higher in EP than in PF, except for Na
+
. Soil solution fluxes for 
N species were higher in EP than in PF, with higher values for NO3
-
 than for NH4
+
in both stands 
(Table 3.1). In PF litter percolation water was only 29.4, 21.4, 7.0, 6.05, 11.5, 4.21 and 3.1% of NH4
+
-
N, NO3
-
-N, Na
+
, K
+
, Ca
2+
, Mg
2+
, and Cl
-
 deposited by the total throughfall. PF stand absorbed 92-80% 
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of NH4
+
 throughfall in the rooting zone and EP only 35%. The PF stand absorbed in the rooting zone 
29-68% NO3
-
 throughfall, while in EP the soil solution NO3
-
 flux increased by a factor of 2.9. PF stand 
absorbed in the rooting zone 57.4, 94.4, 94, 87.5 and 96% of the total throughfall Na
+
, K
+
, Ca
2+
, Mg
2+
, 
and Cl
-
 while in the EP 77,76.3,77.3, 46.7 and 92.7% of the total throughfall Na
+
,K
+
,Ca
2+
, Mg
2+
and Cl
- 
were absorbed. 
The soil solution TDN and DON concentrations were higher than the DOC concentrations for both 
stands. In the soil solution, DON contributed to 93 and 80% of TDN, respectively, in PF and EP. The 
annual average volume-weighted DOC was lower than the DON, and DOC and DON volume-
weighted amounts in the soil solution were higher in EP than in PF (Table 3.2). 
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Table 3.2. One year DOC and DON in the soil solution (CER) in the pristine forest (PF) and Eucalyptus plantation (EP); VW = volume weighed 
 Water volume DOC TDN DON DIN DOC-VW TDN-VW DON-VW 
 L mg L
-1 
Mg 
PF 22.0 10.3±2.5a 26.2±10.9a 24.5±9.7a 1.7±1.2a 0.4±1.4a 2.5±1.2a 2.4±1.1a 
EP 12.9 18.4±10.2b 33.0±14.7b 26.5±12.2a 6.55±7.1 1.03±0.5b 2.4±1.3a 2.0±1.0b 
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3.4.4. Origin of nitrate in river water 
The exportation of N at the outlet of the catchment of the pristine forest was 19.7 kg N ha
-1
yr
-1
 for 
NO3
-
 and 1.1 kgN ha
-1
yr
-1
 for NH4
+
 while the input via throughfall was only 5.04 kg ha
-1
yr
-1
 for NO3
-
 
and 2.65 kg ha
-1
yr
-1 
for NH4
+
 in the same year. The NO3
-
 concentration in the sampled compartments 
(Fig. 3.3) and periods varied during the study period, ranging from 0.05-0.52 in throughfall, 0.11-2.89 
in litter percolation water, 0.21-4.64 in soil solution and 0.20-1.35 mg NL
-1
 in river water. The NH4
+
 
concentration ranged from 0.08-2.07 in throughfall, 0.25-4.5 in humus percolation water, 0.07-0.18 in 
soil solution and 0.04-0.15 mg NL
-1
 in river water (Fig. 3.3). 
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Figure 3.3. Monthly input of Na
+
 (A), K
+
(B), Ca
2+
(C) and Mg
2+
 (D) via bulk precipitation (BP) thoughfall (TF) 
(left panels) and percolation water (CER) (right panels) in the pristine forest and the Eucalyptus plantation (data 
were collected from May 2010 till April 2011 and are averages of three replicated plots); error bars are error 
propagated standard deviations; each sampling time (1-13) represents a period of four weeks 
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The origin of NO3
-
 can be assessed based on its 
15
N and 
18
O isotopic composition (Xue et al., 2011). It 
was clear that NO3
-
 was of atmospheric origin in throughfall and was originating from soil N dynamics 
in soil solution water and river water. Litter percolation showed a mixed contribution (Fig. 3.4). 
 
 
Figure 3.4. Mean δ15N-NO3
-and δ18O-NO3
- 
including standard error for four sampling compartments (TF = 
throughfall, H = litter percolation, CER = soil solution and RIV = river) and four sampling periods (1:dry season, 
2:early rain season, 3: peak rain season and 4:end rain season); ranges of isotopic compositions for two potential 
NO3
- 
sources (atmospheric NO3
-
 and soil N) are according to Xue et al. (2009) and indicated by dashed and full 
lined boxes, respectively 
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3.5. Discussion 
3.5.1. Precipitation chemistry 
Incident precipitation was in agreement with the mean range for African rain forests (Sun et al., 1996). 
When precipitation passes through the canopy, vegetation intercepts water and only a proportion 
reaches the soil as throughfall (Kittredge, 1948). Throughfall was higher for the EP than the PF,due to 
higher canopy openness in EP compared to PF. Moreover, Eucalyptus leaves are smooth and more 
mosses and epiphytic plants were observed in the canopy of PF; hence the canopy of PF retains more 
water than EP (Huber and Iroumé, 2001). 
Possible sources of solute in rainfall in Nyungwe forest are biomass burning (charcoal production, 
forest fire, burning of harvest residues, household fires, dust, etc.) and gaseous N emissions from 
livestock farming, fertilizer use in nearby tea plantations and cars. However, the observed deposition 
data are in line with other unpolluted tropical mountain rain forests (Steinhardt, 1979; Bruijnzeel et al., 
1993; Wilcke et al., 2002; Hölscher et al., 2003). 
3.5.2. Throughfall chemistry 
The composition of precipitation is generally altered upon passage through forest canopies (Attiwill, 
1966; Eaton et al., 1973). This alteration results from the wash-off of deposited particles and gases 
(dry deposition) as well as uptake and release of compounds by plants and microflora (Miller and 
Miller, 1980; Olson et al., 1981; Potter et al., 1991). An important part of atmosphericN deposition can 
be retained and/or converted to NO3
-
 or organic N within the canopy, particularly in the case of NH4
+
, 
e.g. by epiphytes and lichens. Rainfall intensity is another important control for leaching and wash-off 
processes (Lovett and Schaefer, 1992; Hansen et al., 1994; Neary and Gizyn, 1994). 
The chemical composition of throughfall within the PF and EP differed from open-field precipitation 
and, varied among stands, indicating that throughfall quality and thus amount of plant nutrients, which 
reach the forest floor by throughfall dependstrongly on tree species composition.  
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Nyungwe forest is situated in a densely populated area (Nduwamungu, 2011) and close to a major city 
(Bukuavu, DR Congo). Nevertheless, atmospheric N deposition was in line with other unpolluted 
tropical mountain rain forests (Steinhardt 1979 in Schrumpf et al., 2006; Bruijnzeel et al., 1993; 
Wilckeet al., 2002; Hölscher et al., 2003) (Table 3.3). The Nyungwe N deposition fell in the range of 
Korup National park (Cameroon) (Chuyong et al., 2004) and Brazzaville forest (Laclau et al., 2010b). 
Comparing PF and EP on throughfall deposition, there was no statistical difference for NH4
+
 
deposition. NO3
-
, K
+
, Ca
2+
 and Mg
2+
deposition were higher in PF than in EP while for Na
+ 
and Cl
-
 
depositions were higher in EP. This is likely the result of a higher filtrating capacity of the PF canopy 
(Staelens et al., 2008). 
Nutrients in throughfall showed a seasonal pattern: no throughfall deposition in the dry season, very 
small quantity in the small rain season and the largest quantities occurred in the main rain season (Fig. 
3.2. A, B, C). The observed increase of ion concentrations in throughfall, except for NH4
+
in both 
stands and NO3
-
 in EP samples, reflects most likely both dry deposition wash off and foliar leaching. 
Foliar leaching releases nutrients from trees into throughfall during rain events (Erisman et al., 1994; 
Rogora et al., 2006). High K
+
 in PF throughfall can at least partly be attributed to natural sources 
(Asche, 1988) and K
+
 enrichment in troughfall is linked to NH4
+
 removal from the water via NH4
+
 
exchange at the leaf level (Tukey, 1970; Parker, 1983). Potassium in throughfall can also be of internal 
origin from vegetation attributed to a greater canopy leaching associated with higher physiological 
activity (Lovett and Lindberg, 1984). 
Concerning the higher dry deposition for all nutrients in EP than in PF, for the PF the DDF was almost 
zero, implying negligible dry deposition. Accordingly, the calculated dry deposition of the particulate 
cation deposition is almost zero, and the enrichment in the throughfall flux is ascribed to canopy 
leaching. For the Eucalyptus plantation, the DDF was larger, and therefore also the calculated dry 
deposition fluxes were relatively larger. A possible explanation for this difference is that the 
Eucalyptus canopy is more open and hence create more air turbulence, by which dry deposition can 
increase (Horstmann and Mclachlan, 1998;Beckett et al., 2000; Zaltauskaite and Juknys, 2009; 
Zaltauskaite and Juknys, 2011). 
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Table 3.3. Nutrient fluxes in rainfall and throughfall of different tropical mountain rain forest ecosystems; for details on elevation, forest types, annual rainfall 
amounts and soil types see footnotes 
 
1
1900-2010 m: LMRF, 2190 mm, Dystrudepts, Eutrudepts. 
2
2300 m, LMRF, Humitropepts.
3
870 m, LMRF, 2130 mm, Dystropepts, approximation from 6 
weeks.
4
390 m, LMRF, 3500 mm, Ultisols.
5
2900 m, UMRF, 2830 mm, Humic Andosols.
6
1800 m, intermediate UMRF, 2310 mm, Dystric Cambisol.
7
1800 m, 
stunted URMF, 2180 mm, Folic Histosols. 
8
2300 m, TMF, 2220 mm, Endoaquands, Fulvaquands; LMRF: lower mountain rain forest, UMRF: upper mountain 
rain forest, TMF: tropical mountain rain forest 
 
 
Rainfall flux (kg ha
-1
y
r-1
) Throughfall flux (kg ha-1y-1) 
K Mg Ca Na NH4-N NO3-N K Mg Ca Na NH4-N NO3-N 
1
Ecuador (Wilcke et al., 2002) 3.7 1.2 3.9 19 2.6 3.0 76-166 7-21 15-28 10-22 3-7 5.9-8.6 
2
Venezuela (Steinhardt, 1979) 2.6 5.2 5.6 3.3   70 3.3 6.9 4.4   
3
Malaysia (Bruijnzeel et al., 1998) 4 1.2 4  2.5 5 23 7 12  9 10 
4
Puerto Rico (McDowell, 1998) 4.7 8.5 13 6.3 0.7 1.2 52 13 23 81 3.3 0.2 
5
Costa Rica(Hölscheret al.,2003) 5.8 0.7 4.0 3.0 1.4 1.7 62 5.6 15 3.2 3.4 0.6 
6
Jamaica 1 (Hafkenscheid, 2000)
 
8.3 2.0 9.0 21 3.9 1.7 44 5.9 13 30 4.8 0.7 
7
Jamaica 2(Hafkenscheid, 2000) 8.3 2.0 9.0 21 3.9 1.7 33 6.4 12 23 3.9 0.7 
8
Tanzania(Schrumpf, 2006)
 
6.9-8.0 0.8-0.9 2.1-2.4 5.7-6.7 2.5-3.6 2.2-3.0 32-37 2.0 3-4 11 2-4 0.7-1.0 
 
Published range in Hafkenscheid (2000) 
         
LMRF n=5 2.6-14 1.3-5.2 3.6-28 3.3-64 1.7-18 1.7 63-95 3.3-12 6.9-35 4.4-131 1.3-22 0.6 
IntermediateUMRF n=3 6.9-8.3 2.0-5.0 5.5-9.0 16-21 3.9-11 1.7 33-56 5.9-9.8 11-19 14-30 4.8-12 0.7 
StuntedUMRF n=3 17-27 2.0-30 5.5-47 20-247 3.9-6.9 1.7-5.3 24-77 6.4-91 12-109 23-692 3.9-5.1 0.7-15 
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3.5.3. Litterpercolate and soil solution chemistry 
Litter percolate NH4
+
 and NO3
-
 concentration obtained in PF were lower than those obtained in 
Malaysia (Bruijnzeelet al., 1993) but higher than those obtained in Jamaica (Hafkenscheid, 2000) 
(Table 3.4). Concentrations of nutrients in the litter percolate of PF, especially those of cations, were 
low compared with other mountain rainforest sites, though some nutrient concentrations were not very 
different from values obtained in Tanzania (Schrumpfet al.,2006) and Jamaica (Hafkenscheid, 2000). 
In our experiment, the amount of water during litter percolation was underestimated.  
Apparently not all the water infiltrating at the surface area of the humus lysimeter was reaching the 
lysimeter, possibly because of decomposed leaves blocking the mesh or due to water flowing over the 
mesh. Also, in this experiment, litter percolate was directly collected under the litter layer, while in 
other studies collection was done in the A-horizon. Hence, comparison with values in Table 3.4 and 
nutrient fluxes should be done with precaution (Schrumpf et al., 2006). 
Nutrient concentrations in soil solution at both sites indicated root nutrients absorption. The significant 
decrease of the NH4
+
/NO3
-
 ratio from TF to soil solution indicates that NH4
+
 is preferentially absorbed 
in the rooting zone and could be the N source for plants. This could also due to a fast transfer of NH4
+
 
to NO3
-
 and even NH4
+
 oxidation coupled to Feammox (Sawayama, 2006; Gharahi Ghehi et al.,2013). 
The low concentration of NH4
+
 in soil solution compared to TF is an indication for an effective 
uptakeby vegetation and soil microorganisms (Fernandez et al., 1995), while high of NO3
-
concentrations indicate potential leaching or gaseous losses. In our stands, root uptake of NH4
+
 and 
cations except Na
+
 was higher in PF than in EP while in both stands NO3
-
 was leaching. In general, EP 
lost more nutrients via leaching than PF. 
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Table 3.4.Nutrient concentration (mg L
-1
) in litter percolation of different tropical mountain rain-forest 
ecosystems 
Country K Mg Ca Na NH4-N NO3-N 
Ecuador (Wilcke et al., 2002) 0.4-20 1.4-5.0 0.3-8.0 1.4-1.5 0.3-0.7 0.6-5.7 
Venezuela (Steinhardt, 1979) 38 2.1 5.1 0.4  4.6
+ 
Malaysia (Bruijnzeelet al., 1993)
 
5.1 2.5 4.6 5.2 1.0 8.4 
Malaysia (Bruijnzeel et al., 1993)
 
3.6 2.7 5.7 3.6 1.0 6.5 
Jamaica(Hafkenscheid, 2000)
 
4.1 1.1 2.5 2.0 0.2 0.2 
Jamaica (Hafkenscheid, 2000)
 
2.9 0.9 1.7 1.6 0.1 0.0 
Tanzania (Schrumpf, 2006) 1.4 0.3 0.8 0.8 0.3 0.9 
 
3.5.4. Origin of river nitrate 
Tropical forest soils are characterized by high soil N availability and an open N cycle (McDowell et 
al., 1992, 1994, 2006; Vitousek and Matson, 1988). Hence, N in excess is likely to be lost as gaseous 
N or NO3
-
 (Matson and Vitousek, 1987; Bai et al., 2012; Gharahi Ghehi et al., 2012, 2013). The high 
NO3
-
 export via river water is in agreement with sustained losses of bioavailable N as observed in 
many tropical forests (Hedin et al., 2009). 
Isotopic fingerprinting of NO3
-
 in throughfall, litter percolation, soil solution and river water, showed 
that NO3
-
 leaving the system is derived from soil organic N upon depolymerization, mineralization and 
nitrification. Likewise Brookshire et al. (2012) pointed out that the internal N cycle is the primary 
source of N export in mountain tropical forests. 
Fortnight measurements of river discharge (L s
-1
) and NH4
+
 and NO3
-
 concentrations using a V-weir 
installed at the outlet of the investigated catchment (9.72 ha) from May 2010 to April 2011 confirmed 
the high NO3
-
 leaching (Figure 3.5). This resulted in an annual loss of 19.7 kg NO3
-
-N ha
-1
and 1.1 kg 
NH4
+
-N ha
-1
 from the catchment. Nitrate loss from the catchment was ca. 4 times higher than input via 
throughfall deposition for the same period (5.042.2 kg N-NO3
-
 ha
-1
 yr
-1
, Table 3.1). Hence, soil N 
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dynamics mostly contributed to the measured NO3
-
 loss from the catchment. In addition, 18O-NO3
-
values in the river water ranged between 10.2 and 20.8‰, confirming that the source of NO3
-
 in the 
river water is mainly soil N and only partly atmospheric NO3
-
(Xue et al., 2009). 
 
Figure 3.5. River discharge, and NH4
+
 and NO3
-
 concentrations in the river draining the investigated pristine 
forest catchment; filled squares representwater discharge, stars represent NO3
-
 and empty triangles 
representNH4
+
 concentrations 
3.5.5. DOC and DON 
Relationships between DOC and DON concentrations and soil and vegetation properties have been 
observed (Fuji et al., 2008; Moser et al., 2008). Canopy and forest floor properties were different 
between PF and EP stands, hence a difference could be expected in DOC and DON concentrations. 
Difference in site characteristics could have an impact on organic matter, soil moisture and 
temperature and then on DOC (Kalbitz et al., 2000; Michalzik et al., 2001; Peichl et al.,2007). 
Contrary to our findings, Schwendenmann and Veldkamp (2005) found that dissolved N was 
dominated by inorganic N (mainly NO3
-
) in tropical wet forests and the contribution of DON to total N 
loss is commonly less than 10% (Michalzik et al., 2001) because the nutrient demand of the vegetation 
is high.In both stands, DON contributed more to TDN leaching, while NO3
-
-N leaching contributed 
most to DIN leaching. 
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3.6. Conclusions 
Canopy interception was higher in PF than in EP and base cations (K
+
, Mg
+2
, Ca
2+
) and NO3
-
 
deposition was higher in PF than EP. Annual throughfall input of N-species and base cations in PF 
was in line with other pristine tropical mountain forests. For all nutrients, DD was higher in EP than in 
PF. Ammonium was taken up by the PF and EP canopy. Nitrate showed a net uptake by the EP canopy 
and a net release by the PF canopy. Base cations were released by both forest canopies and occurred to 
a greater extent in PF than in EP. 
In the rooting zone, NH4
+
 and base cations were removed from the soil solution, while NO3
-
was 
leached. Although soil solution water flux was higher in PF than EP, PF showed lower nutrient losses 
via leaching. Hence, PF showed higher nutrient use efficiency than EP. For the pristine forest, NH4
+
 
export via river water was lower than the input to the forest floor, but the NO3
-
 export via river water 
was ca. 4-fold higher than the throughfall input. Nitrate in the soil solution and river water originated 
mainly from soil N transformation processes. However, potentially NO3
-
 loss is only a minor fraction 
of total dissolved N loss as DON concentrations were much higher than DIN concentration in the soil 
solution of PF. 
Our results clearly showed that 1) changing a tropical mountain forest into Eucalyptus plantation has a 
profound impact on biogeochemical cycles, and 2) the Nyungwe tropical mountain forest ecosystem 
shows an apparent loss of bioavailable N in the form of NO3
-
 and likely also DON. 
Soil N dynamics 
 
80 
 
Soil N dynamics 
81 
 
 
 
 
 
 
Chapter 4 
Leaky nitrogen cycle in pristine African rainforest soil 
 
 
This chapter has been edited from: 
Rütting T., Cizungu, L., Roobroeck, D., Huygens, D. and Boeckx, P. (2014). Leaky nitrogen cycle in 
pristine African rainforest soil. Global Biogeochemical Cycles (in revision). 
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4.1. Abstract 
Humid pristine tropical forests show simultaneously high bioavailability of nitrogen (N) and sustained 
loss of bioavailable N forms. To better understand this apparent up-regulation of the N cycle in 
tropical forests, process-based understanding of soil N transformations, in geographically diverse 
locations in the tropics, remains paramount. However, field-based experimental evidence is very 
limited and entirely lacking for humid tropical forests on the African continent. This study aimed at 
filling both knowledge gaps by conducting an in situ
15
N labeling experiment in the Nyungwe tropical 
forest in Rwanda. Here we show that this tropical mountain forest soil is indeed characterized by an 
open N cycle as high gross N mineralization is followed by high nitrification rates. Ammonium (NH4
+
) 
production via Feammox is a major important N transformation pathway and plant N uptake is 
dominated by NH4
+
. We furthermore show, by literature review, that gross N mineralization in tropical 
forests is correlated with soil N richness. This study provided on the one hand new process 
understanding of soil N cycling in humid tropical forests and added geographically independent 
evidence that humid tropical forests are characterized by soil N dynamics sustaining bioavailable N 
loss. 
4.2. Introduction 
Tropical forests cover 12% of the terrestrial surface and are the most productive terrestrial ecosystems 
on Earth, accounting for 23-35% of the terrestrial net primary production (Houghton, 2005). In 
addition, they store a total of 430-550 Pg carbon (C) in the plant-soil system, which is of similar 
magnitude to the C present as CO2 in the atmosphere (Houghton, 2005), and are thus directly affecting 
the global climate (Lewis et al., 2009). The productivity of a forest is closely linked to its nutrient 
status and cycling (Cleveland et al., 2011; Quesada et al., 2012). Therefore, to better understand C 
dynamics and sequestration in tropical forests, consideration of nutrient cycling is essential, as also 
indicated by recent work on coupling of C and nitrogen (N) cycles in global models (Dalmonech and 
Zaehle, 2013). Humid tropical lowland forests, while rich in N, are generally thought to be limited in 
productivity by the availability of phosphorus (P), whereas tropical mountain forests, on younger 
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substrate with relatively more P, are considered N-limited (Tanner et al., 1998; Hedin et al., 2003; 
Nardoto et al., 2014). However there is increasing awareness that this is a simplification, asnutrient 
limitation is a more complex result of various processes and interactions of the components in the 
ecosystem (Townsend et al., 2011). The idea of N-richness in lowland forest stems from the combined 
observation of high bioavailability of N in many humid tropical forests (Hedin et al., 2009) and the 
sustained losses of bioavailable N forms. This apparent up-regulation has been conceptually explained 
via a model(‘leaky Nitrostat’) wherein biological N2 fixation is operating in biogeochemical N-poor 
niches, decoupled from N-rich soil conditions in lowland tropical rainforest (Hedin et al., 2009; Reed 
et al., 2011). However, not only tropical lowland forest, but also tropical mountain forest gives rise to 
observations of high bioavailable N-export, with hydrologicNlosses ranging from 0.8 to 6.1 kg NO3-N 
ha
-1
 yr
-1
in mountain forests in Puerto Rico, Costa Ricaand Trinidad (McDowell and Asbury, 1994; 
Newbold et al., 1995; Brookshire et al., 2012) and even upto 14 kgNO3-N ha
-1
 yr
-1
in Sabah (Bruijnzeel 
et al., 1993).To understand these losses, observations should be directly coupled to quantification of 
N-inputs via mineralization, i.e. release of mineral N from decomposing litter and soil organic matter, 
and N deposition. Nevertheless, field based studies of gross N dynamics in tropical forest soils are 
limited and have only been conducted in Hawaii (e.g. Riley and Vitousek, 1995), Latin America (Zou 
et al., 1992; Templer et al., 2008) and Asia (e.g. Corre et al., 2006), and are entirely lacking for 
African tropical forests. This geographical selectivity of our knowledge of biogeochemical cycles in 
tropical forests has been clearly pointed out by Hedin et al. (2009), and largely hinders generalization 
of the apparent up-regulation of the N cycle in humid tropical forest. A process-based understanding 
of gross N dynamics in geographically and ecologically diverse locations remains paramount to 
explain, generalize and understand sustained bio-available N losses from tropical forests and to 
provide valuable data for parameterization and validation as well as new conceptual understanding for 
these models. To fill this knowledge gap, we investigated the in situ gross soil N dynamics in the 
Nyungwe mountain forest in south-western Rwanda. 
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4.3. Methods 
4.3.1. Study site 
The study was conducted in the Nyungwe Forest in south-western Rwanda (2°15’-2°55’ S, 29°00’-
29°30’ E), part of the Albertine Rift mountain forests ecoregion. Nyungwe, declared national park in 
2004, is one of the most biologically important mountain rainforests in Central Africa, containing at 
least 1105 higher plant species, including 230 tree species, of which 12% are endemic to the Albertine 
Rift (Plumptre et al., 2007). The park is known for its rugged terrain and complex mosaic of dense 
vegetation types, ranging from tall dense forests to open marshes. Elevations range from 1600 to 
2950masl and the forest has a diverse topography with different soil types, mainly Acrisols, Alisols and 
Cambisols (FAO-UNESCO-ISRIC, 1990; IUSS Working Group WRB, 2006; ). Annual rainfall in 
Nyungwe is between 1800 and 2500 mm (Van Ranst et al., 1997), with a major dry season in July-
August and a minor dry season in December-January, and mean annual temperature is 15 to 17°C 
(Van Ranst et al., 1997).  
Within a catchment of pristine forest at Nyungwe, three permanent monitoring plots (A, B and C) of 
20 x 30 m were installed on adjacent slopes for measurements of N deposition, litter fall and N 
leaching. The established plots have three dominant tree species: Parinari excelsa Sabine, 
Cleistanthus polystachyus Hook F.and Carapa grandiflora Sprague. The soils in the investigated plots 
are Humic Cambisols (Table 4.1). 
4.3.2.
15
N labeling experiment 
An in situ
15
N labeling experiment, using the ‘virtual soil core’ approach (Rütting et al., 2011; Staelens 
et al., 2012) was conducted during the minor dry season in January 2013 in the three monitoring plots. 
This approach allows studying in situ gross N dynamics in an undisturbed soil-rhizosphere system and 
can reliably assess gross N transformation rates in tropical forest soils (Arnold et al., 2008). The study 
utilized the three monitoring plots as field replicates and in each plot four locations for 
15
N labeling 
were selected in the vicinity of one litter trap, to compensate for expected spatial heterogeneity. In 
each of the four locations per plot, two paired sets of five labeling spots (for 
15
NH4
+
and 
15
NO3
-
labeling, 
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respectively) were established. Each labeling spot received eleven 1 mL injections of a labeling 
solution containing 43 µg NH4
+
-N mL
-1
 and 22 µg NO3
-
-N mL
-1
, respectively, applied via 9 cm spinal 
needles and 1 mL syringes. The labeling solution was injected at five different depths within the top 9 
cm of soil underneath the litter layer in a circle of 6.9 cm in diameter, ensuring homogeneous label 
addition. One half of the labeling spots received 
15
N enriched NH4
+
, while the other half received 
15
N 
enriched NO3
-
, both with an enrichment of 95%. 
One of the five labeling spots was sampled immediately after labeling and on each of the following 
four days. For that, soil cores of an inner diameter of 4.3 cm were taken from the center of the 6.9 cm 
diameter labeling spot. The larger labeling area compared to the soil sampling was established to 
achieve a buffer zone as suggested by Rütting et al. (2011). The samples were immediately transferred 
to a nearby field laboratory. Woody roots, stones and other plant material were removed after carefully 
breaking the soil cores by hand. In general, 75 g of wet soil were then extracted with 150 mL 1 M KCl 
solution, shaken for 1 hour and filter through MN 615 filter paper (Macherey-Nagel). Soil extraction 
was conducted 1.9, 25.0, 48.0, 71.5 and 96.0 hours after labeling. 
Concentrations of mineral N in the extracts were determined on an auto-analyzer (AA3, Bran and 
Luebbe, Germany). For analysis of 
15
N abundance, NH4
+
 and NO3
-
 were converted to N2O (Hauck, 
1982; Saghir et al., 1993; Stevens and Laughlin, 1994) and analyzed using a trace gas preparation unit 
(ANCA-TGII, PDZ Europa, UK) coupled to an Isotope Ratio Mass Spectrometer (IRMS) (20-20, 
SerCon, UK). A portion of dried soil from each core was analyzed for 
15
N enrichment, in order to 
determine N losses, by an elemental analyzer (EA) (ANCASL, SerCon, UK) coupled to the same type 
of IRMS as above. 
4.3.3. Data analysis 
For the quantification of gross N transformation rates we applied the numerical 
15
N tracing model 
Ntrace, which combines a compartmental model with parameter estimation via Monte Carlo sampling, 
(Müller et al., 2007) using the MatLab and Simulink software (Version 7.13, The MathWorks, Inc.). 
Different model setups, varying in complexity (number of N pools and transformations) and in kinetic 
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settings, were run to identify the optimal model that could describe the measured N dynamics, guided 
by the Akaike Information Criterion (AIC) (Staelens et al., 2012). Initial concentrations (at t = 0) for 
the NH4
+
 and NO3
-
 pool were calculated by back-interpolation to time-point zero (Müller et al.,2004), 
while measured total N was used as initialization of organic N. The tracing model comprises two 
separate pools of organic N, differing in their turnover rate: a labile, fast turning over (Nlab) and a more 
recalcitrant, slower turning over (Nrec) pool. The former is assumed to be 1% of the total organic N. 
For initial 
15
N abundance of the various N pools, a modified approach compared to previous 
applications of the N trace model has been applied. For the mineral N pool that received the 
15
N label, 
we calculated initial 
15
N abundance based on the interpolated concentration and assuming that all 
15
N 
recovered in bulk N was initially present in that pool, while all other pools (unlabeled mineral N and 
organic N pools) were assumed to be initially at natural abundance. 
The final model used for data analysis (Fig. 4.1) contained three N pools (NH4
+
, NO3
-
 and Nlab) and six 
N transformations. The considered N transformations were: mineralization of labile organic N (M) and 
immobilization of NH4
+
 (I); nitrification, i.e. biotic NH4
+
 oxidation (N); loss pathways of NH4
+
 (LA) 
and NO3
-
 (LN), based on the recovery of 
15
N label in total soil N (Fig. 4.5); and a second NH4
+
 
oxidation pathway (F), which we assume to be related to iron reduction (i.e. Feammox; Sawayama, 
2006). The latter was motivated by detection of fast transfer of 
15
N from NH4
+
 to NO3
-
 (Fig. 4.4d), 
high Fe content and low pH (Table 4.1). Feammox was assumed to be a fast process during the initial 
phase of incubation and to linearly decrease over a certain period of time, which was optimized 
simultaneously with process parameters. 
From each soil core from the 
15
N labeling experiment, a portion was dried at 105ºC overnight to 
determine gravimetric water content (GWC), from which also the water-filled pore space (WFPS) was 
calculated. Part of the dried soil was used to determine soil organic matter (SOM) content by loss on 
ignition, while another part was used to quantify total soil C and N content (TC and TN, respectively) 
by the same EA as above. Soil pH was measured in the KCl extracts. Three additional soil cores per 
monitoring plot were sampled to determine bulk density (BD; 0-5 cm depth) and four additional soil 
cores were taken to determine the natural abundance of 
13
C and 
15
N, via EA-IRMS, and iron content 
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was determined following the methods by Schwertmann (1959, 1964, 1973). The physico-chemical 
soil properties are presented in Table 4.1. 
In order to put our study into the context of other studies carried out in tropical forests, we compiled 
data on gross N mineralization (Table 4.2). We focused on in situ studies, as it has been shown that 
gross rates differ significantly between in situ and laboratory incubations (Arnold et al., 2008) and 
excluded data from one study that used mixed soil for in situ incubation, as previous studies 
demonstrated an effect of sieving on gross N transformations (Ambus et al., 1992; Kaur et al., 2010). 
With the resulting data set we conducted linear regression using gross N mineralization as dependent 
and either TN or TC as independent variable. Regression analyses were conducted using SigmaPlot 11 
(Systat Software, Inc.). 
4.4. Results and Discussion 
4.4.1. Ammonium oxidation dynamics 
The 
15
N labeling experiment showed very rapid 
15
NO3
-
 enrichment following 
15
N labeling of the NH4
+
 
pool (Fig. 4.4d), indicating a fast transfer of NH4
+
 to NO3
-
. Using autotrophic nitrification as the only 
NH4
+
 oxidation pathway in the tracing model, this dynamic could not be reproduced, irrespective of 
the considered kinetic. A second NH4
+
 oxidation pathway was needed at the beginning of the 
experiment in order to achieve a good model fit to the experimental data (Fig. 4.4). This we ascribe to 
NH4
+
 oxidation coupled to iron reduction, a process termed Feammox (Sawayama, 2006). Feammox 
was originally described as an anaerobic microbial process in which Fe(III)-reducing microbes oxidize 
NH4
+
 to NO2
- 
(Sawayama, 2006), but it was later shown that Feammox can also produce N2 and NO3
- 
(Yang et al., 2012). The forest soil in Nyungwe is indeed iron-rich, containing 1.2 ± 0.3 % oxalate 
ammonium extraction iron (Table 4.1), of which the majority can be expected to occur as Fe(III) 
(Gharahi Ghehi et al., 2013). The acidic soil conditions (pHH2O = 3.2) further support the Feammox 
process in the soil. Averaged over the entire experimental duration (96 hours) the gross rate of 
Feammox was determined as 0.84 ± 0.14 µg N g
-1
 day
-1
, which is of similar magnitude as autotrophic 
nitrification (0.78 ± 0.14 µg N g
-1
 day
-1
; Fig. 1). Moreover, the Feammox rate observed in our study 
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approximates that obtained in slurry incubations of tropical forest soil after addition of NH4
+
 and 
Fe(III), with a production rate of NO2
-
 plus NO3
-
 of 0.59 ± 0.32 µg N g
-1
 day
-1 
(Yang et al., 2012). The 
latter study also reported N2 production via Feammox (1.2 ± 0.3 µg N g
-1
 day
-1
). As we could not trace 
the 
15
N label into N2, we did not quantify the N2 production via Feammox. However, based on the total 
15
N recovery (Fig. 4.5) we estimate an NH4
+
 loss of 0.94 ± 0.30 µg N g
-1
 day
-1
 (Fig.4.1), which can, at 
least partly be attributed to Feammox (i.e. NH4
+ N2), complementing root uptake. Taken together, 
the investigated tropical forest soil showed two distinct NH4
+
 oxidation pathways, a slow one by 
autotrophic nitrifiers and a fast one coupled to iron reduction (Feammox).F 
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Table 4.1. Basic site characteristics and physico-chemical soil properties of the three investigated plots 
in the Nyungwe forest (Rwanda) (BD = bulk density; GWC = gravimetric water content; WFPS = 
water-filled pore space; SOM = soil organic matter content; TC = total carbon content; TN = total 
nitrogen content; Fe = Oxalate ammonium extraction). Values within a row followed by different 
letter were significantly different between plots (analysis of variance followed by Tuckey test for BD, 
C/N, δ13C; Kruskal-Wallis test followed by Dunn’s method for GWC, WFPS, pH, SOM, TC, TN, 
δ15N). 
 n Plot A Plot B Plot C 
Coordinates  2º28'26.0" S 
29º06'27.0" E 
2º28'31.6" S, 
29º06'25.3" E 
2º28'31.8" S, 
29º06'27.5" E 
Elevation (m)  1933 1883 1929 
Slope (%)  10 11 11 
Soil type  Humic Cambisols/ 
Humic Alisols 
Humic (Dystric) 
Cambisols 
Humic (Dystric) 
Cambisols 
BD (g cm
-3
) 3 0.62 ± 0.02 0.91 ± 0.29 0.75 ± 0.19 
GWC (%) 40 66.5 ± 10.7 
a
 46.2 ± 10.7 
b
 39.6 ± 4.8 
c
 
WFPS (%) 40 53.8 ± 8.7 
a
 64.0 ± 14.9 
b
 41.4 ± 5.1 
c
 
pH 40 3.1 ± 0.3 
a
 3.3 ± 0.3 
b
 3.4 ± 0.2 
b
 
SOM (%) 40 22.0 ± 8.4 
a
 17.5 ± 7.0 
b
 10.3 ± 1.2 
c
 
TC (%) 40 8.1 ± 3.0 
a
 5.2 ± 2.5 
b
 4.0 ± 0.7 
c
 
TN (%) 40 0.55 ± 0.20 
a
 0.33 ± 0.15 
b
 0.29 ± 0.05 
b
 
C/N 40 14.6 ± 0.9 
a
 15.7 ± 1.1 
b
 13.6 ± 0.8 
c
 
δ13C 4 -27.0 ± 0.2 - 27.3 ± 0.3 -26.7 ± 0.4 
δ15N 4 4.6 ± 0.2 a,b 3.6 ± 0.9 a 4.6 ± 0.2 b 
Fe (%) 4 1.5 ± 0.1
a
 1.1 ± 0.3
b
 0.9 ± 0.1
b
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4.4.2. Open N cycle 
Gross N mineralization in the forest soil at Nyungwe amounted to 2.76 ± 0.47 µg N g
-1
 day
-1
, while 
NH4
+
 immobilization was about five-times lower (0.58 ± 0.33 µg N g
-1
 day
-1
; Fig. 4.1). The ratio of 
nitrification to NH4
+
 immobilization, an indicator for NO3
-
 losses from ecosystems (Stockdale et al., 
2002), was 2.8 in the investigated soil. This high ratio is characteristic of an open N cycle with high 
risk of NO3
-
 losses. Indeed, during the four-day experimental period the tracing model pointed to a 
loss of 1.47 ± 0.23 µg NO3
-
-N g
-1
 day
-1 
(Fig. 4.1), presumably via leaching and gaseous losses. High 
NO3
-
 losses are consistent with in situ NO3
-
 leaching measurements from the same plots over a 2 year 
period and further agree with the high NO3
-
 leaching noted in tropical forests across Central America 
(Brookshire et al., 2012). In addition, laboratory incubations and process-based modeling for the 
Nyungwe forest by Gharahi Ghehi et al. (2012; 2013) showed a high potential for N2O and NO 
emissions of 2.8-5.5 and 0.8-5.1 kg N ha
-1
 yr
-1
, respectively. Finally, the measured natural 
15
N 
abundance in bulk soil of 4.3 ± 0.7‰ (Table 4.1) also indicates high losses of NO3
-
 and an open N 
cycle in general (Boeckx et al., 2005). Based on gross N transformations we can conclude that more 
than 50% of the mineral N that is produced via mineralization from soil organic matter is subsequently 
lost to the environment by either NO3
-
 leaching or gaseous N emission. 
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Figure 4.1. Schematic representation of the soil nitrogen cycle in the Nyungwe forest, Rwanda; the considered 
pathways are: M = nitrogen mineralization; I = NH4
+
 immobilization; N = autotrophic nitrification (i.e. NH4
+
 
oxidation); F = Feammox (NH4
+
 oxidation coupled to iron reduction; see text); LA = root N uptake and N2 loss 
via Feammox; LN = gaseous N loss and NO3
-
 leaching. The thickness of arrows represents the magnitude of gross 
rate, which are given (mean ± standard deviation) in µg N g
-1
 dry soil day
-1 
 
4.4.3. Plant N source 
Measurements of 
15
N recovery in roots collected from the virtual soil cores over the four day period 
showed a significant increase in root 
15
N enrichment for 
15
NH4
+
labeled cores (slope of regression: 
P=0.041), but not for 
15
NO3
-
labeled cores (slope: P=0.32; Fig. 4.2). This indicates that plants in the 
studied forest preferentially take up NH4
+
, which contradicts the paradigm set forth by Schimel and 
Bennett (2004). They postulate that NO3
-
 is the dominant plant N source in tropical forests due to high 
nitrification rates. Although the studied forests displayed high rates of NO3
-
 production (Fig. 4.1), the 
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plants favored NH4
+
 as N source, which can be attributed to an energetic benefit of NH4
+
 utilization by 
plants, tree physiology and species, and environmental conditions. However, a study of tropical forests 
in Hawaii documented preferential NO3
-
 uptake by plants even when NH4
+
 was available (Houlton et 
al., 2007). These contrasting findings of preferential N sources may reflect differences in N resource 
utilization by the plant communities in the studied forests. Also, the high loss of NO3
-
 to the 
environment could drive African plants to utilize NH4
+
. 
 
Figure 4.2. Root 
15
N enrichment in the Nyungwe forest after 
15
N labeling; measured 
15
N enrichment of 
roots (mean ± standard deviation) after soil labeling with either 
15
NH4
+
 (red) or 
15
NO3
-
(blue) and linear 
regression (lines); the slope was significant for the 
15
NH4
+
 labeling (P=0.041), but not for the 
15
NO3
-
 
labeling (P=0.32) 
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4.4.4. Predicting gross N mineralization from the literature 
We also compiled data on gross N mineralization rates from previous studies in tropical forest soils . 
We only considered in situ
15
N labeling studies because significant differences between in situ and 
laboratory incubations had previously been found (Arnold et al., 2008). Regression analysis showed 
that total soil N (TN) was the best explanatory variable for gross mineralization, explaining 82% of 
variability (Fig. 4.3), whereas total soil carbon (TC) explained 77% of the variability. This finding 
agrees in general with a global review of gross N mineralization in terrestrial ecosystems, which found 
that TN and TC were equally good predictors for gross N mineralization (Booth et al., 2005). The 
quantified gross mineralization rate for Nyungwe forest soil of 2.76 ± 0.47 µg N g
-1
 day
-1
 and a TN of 
0.39% falls well within the relationship found for other tropical forest soils (Fig. 4.3). Interestingly, 
the Nyungwe results are very similar to those of a study by Templer et al. (2008) in Puerto Rico (inlet 
Fig. 4.3), which used intact soil cores with active roots just as our study. Overall, we argue that the 
clear relationship between gross mineralization and TN may be useful for improved modeling, in 
particular for predicting soil N2O emissions which are closely related to mineralization activity 
(Matson and Vitousek, 1987). 
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Figure 4.3. Gross mineralization in tropical forest soils related to soil N richness 
 
In situ gross N mineralization in tropical forest soils from a literature review (Table 4.2) are positively 
correlated to the total soil N content (note that data from a study using disturbed soil was excluded). 
The gross mineralization from the Nyungwe forest (red diamond), investigated using the virtual soil 
core approach, falls well within the observed relationship and is particularly similar to results from 
another study with active roots (see inlet). 
4.4.5. Ammonium oxidation dynamics 
After labeling the soil with 
15
N enriched NH4
+
 we observed a rapid 
15
N enrichment of the NO3
-
 pool 
(Fig. 4.4d), indicating a fast transfer of NH4
+
 to NO3
-
. In order to satisfactorily reproduce this dynamic 
in the tracing model, different setups were tested. Firstly, as in previous studies, we only included one 
rate of NH4
+
 transformation to NO3
-
, assumed to be autotrophic nitrification. As the kinetic setting for 
autotrophic nitrification can be crucial to reliable quantify gross transformation rates (Rütting and 
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Müller, 2007), we conducted the optimization with either first-order kinetics (setup 1) or Michaelis-
Menten type kinetics (setup 2). However, in both cases the 
15
N tracing model was not able to 
reproduce the observed 
15
N dynamics (not shown). We consequently tested a model setup that 
considered a second NH4
+
 transformation process to NO3
-
, which we conclude to be NH4
+
 oxidation 
related to iron reduction (Feammox; see main text for justification). Based on the observed 
15
N 
dynamics (Fig. 4.4) we expected Feammox to be only occurring during the initial phase of the 
15
N 
tracing experiment (i.e. during initial 8.6 hours). Moreover, we assumed a constant decline in 
Feammox rate, reaching zero after 8.6 hours (setup 3). The decline in rate we hypothesize to be related 
to a diminishing of available Fe(III). As alternative implementation to the two separate NH4
+
 oxidation 
processes (autotrophic and Feammox) we also tested an exponential function of NH4
+
 oxidation, 
displaying two phases, an exponential declining and constant final rates, described by: 
   
where R is the gross rate, FNH4 and ONH4 are parameters for the two oxidation pathways, t is time and τ 
is a time constant. Parameters FNH4, ONH4 and τ were optimized. 
The four different setups were compared by using the Akaike Information Criterion (AIC) (Burnham 
and Anderson, 2004; Staelens et al., 2012), where a lower value indicates that a model setup is more 
likely correct. As presented in Table 4.3, the model in which two separate NH4
+
 oxidation processes 
were considered (setup 3) resulted in the lowest AIC and also in a visual adequate fit of the model to 
the observed data (Fig. 4.4). In addition we calculated the Akaike’s weight (wi), which is a measure for 
the likelihood that a model setup is correct compared to other tested model setups (Burnham and 
Anderson, 2004). In our case the selected model setup 3 is with a probability of 91% correct and 
model setups considering only one NH4
+
 oxidation have a negligible likelihood (Table 4.3). Overall 
we, hence, conclude that two distinct NH4
+
 oxidation processes occurred in the Nyungwe forest soil, 
which we assume to be related to autotrophic nitrification and Feammox. 
  
Soil N dynamics 
96 
 
Table 4.2.Overview of in situ
15
N labeling studies on gross N transformation rates in old growth tropical forest soils (only control soils considered if manipulations 
were applied) used for regression analysis 
Location Forest type Soil Methods Reference Note 
Brazil lowland terra firme forest Oxisols Soil core (Sotta et al.,2008) Two soils with different 
texture 
Costa Rica lowland humid forest Andisol Soil core (Silver et al., 2005)  
Costa Rica lowland humid forest Ultisols Soil core   
Costa Rica lowland forest Ultisols Soil core (Wieder et al., 2013)  
Costa Rica lowland forest Typic Dystrandept Soil core & Buried bag (Zou et al., 1992) no TN data; TC from SOM 
Ecuador old growth Andosol Soil core (Arnold et al., 2009) Five soils of toposequence 
Hawaii, USA mountain rain forest Hydric Dystrandept Soil core (Riley and Vitousek, 1995) no TN data; TC from SOM 
Hawaii, USA mountain rain forest Typic Hydrandept Soil core  
Hawaii, USA mountain rain forest Typic Placandept Soil core  
Hawaii, USA mountain rain forest Histic Placaquept Soil core  
Hawaii, USA mountain rain forest Plinthic Acrorothox Soil core  
Hawaii, USA open-canopy forest Typic Hydrudand Mixed soil (Scowcroft et al., 2004) Two topographic position 
Panama lowland semi-deciduous  Cambisol Soil core (Corre et al., 2010)  
Panama lower mountain forest Andosol (Oe/Oa) Soil core   
Panama lower mountain forest Andosol Soil core   
Puerto Rico mountain forest Ultisols Root ingrowth core (Templer et al., 2008) Three different sites 
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Table 4.3. Comparison of performance of 
15
N tracing model of various setups;the tracing model setups 
included either one or two processes for NH4
+
 oxidation (ONH4 = autotrophic nitrification and FNH4 = 
Feammox) and differed in kinetic settings for ONH4;model performance was compared by Akaike 
Information Criterion (AIC) and Akaike’s weight (wi) 
Model Included process Kinetics (ONH4) AIC wi 
Setup 1 ONH4 1
st
 order 180.6 0% 
Setup 2 ONH4 Michaelis-Menten 194.4 0% 
Setup 3 ONH4&FNH4 1
st
 order  103.6 91% 
Setup 4 ONH4&FNH4 Exponential (Eq. 1) 108.2 9% 
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Figure 4.4. Concentrations and 
15
N enrichment of mineral N; measured (symbols; mean ± standard deviation) 
and modeled (lines) concentrations of ammonium (a) and nitrate (b) as well as the respective 
15
N enrichment (c, 
d) in a tropical forest soil in Nyungwe, Rwanda, after labeling with either 
15
NH4
+
 (red) or 
15
NO3
-
 (blue) 
4.4.6. Nitrogen leaching 
Fortnight measurements of river discharge (L s
-1
) and NH4
+
 and NO3
-
 concentrations using a V-weir 
installed at the outlet of the investigated catchment (9.72 ha) from May 2010 to April 2011 confirmed 
the high modeled NO3
-
 losses. This resulted in an annual loss of 19.7 kg NO3
-
-N ha
-1
and 1.1 kg NH4
+
-
N ha
-1
 from the catchment. During the same period throughfall deposition of NH4
+
 and NO3
-
 has been 
measured at 8 locations in each of three monitoring plots in the catchment. Nitrate loss from the 
catchment was about 4 times higher than input via throughfall deposition for the same period (5.2 2.2 
kg N ha
-1
 yr
-1
). Hence, soil N dynamics mostly contributed to the measured NO3
-
 loss from the 
catchment. In addition, 18O-NO3
-
 values in the river water ranged between 10.2 and 20.8‰, 
confirming that the source of NO3
-
 in the river water is mainly soil N and only partly atmospheric NO3
-
(Xue et al., 2009). 
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Figure 4.5. Bulk soil 
15
N enrichment in the Nyungwe forest after 
15
N labelling;measured (symbols; mean ± 
standard deviation) and modeled (lines) bulk soil 
15
N enrichment in a tropical forest soil in Nyungwe, Rwanda, 
after labeling with either 
15
NH4
+
 (red) or 
15
NO3
-
 (blue) 
4.5. Conclusion 
The 
15
N labeling experiment showed very rapid 
15
NO3
-
 enrichment following 
15
N labeling of the NH4
+
 
pool indicating a fast transfer of NH4
+
 to NO3
-
. The investigated tropical forest soil showed two 
distinct NH4
+
 oxidations pathways: a slow one by autotrophic nitrifiers and a fast one coupled to iron 
reduction (Feammox). The gross rate of Feammox was of similar magnitude as nitrification, moreover 
the obtained Feammox rate approximate that obtained in slurry incubation of tropical forests soils after 
addition of NH4
+
 and Fe(III). The forest soil showed a high ratio of nitrification to 
NH4
+
immobilization characteristic of an open N cycle with high risk of NO3
-
 losses (by leaching or 
gaseous). 
More than 50% of the mineral N that is produced via mineralization from soil organic matter is 
subsequently lost to the environment by either NO3
-
leaching or gaseous emissions. Nyungwe pristine 
Time (h)
0 20 40 60 80 100
1
5
N
 b
u
lk
 s
o
il 
(µ
g
 1
5
N
 g
-1
 d
ry
 s
o
il)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
15
NH4
+
 labeling
15
NO3
-
 labeling
Soil N dynamics 
101 
 
forest soil is characterized by an open N cycle in which ammonium (NH4
+.
) produced by Feammox is 
a major important N transformation pathway and plant N uptake is dominated by NH4
+
. 
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Chapter 5 
General discussion, conclusion and future research 
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5.1. Major research findings 
In a first experiment, we observed a higher litterfall input for the pristine forest compared to the 
Eucalyptus plantation. Hence, annual nutrient return in the Eucalyptus plantation via litter 
decomposition was lower than in the pristine forest. Litter fall peaks in dry seasons and the onset of 
the rain season. Our study also confirmed the role of litter quality on initial and final decomposition 
rates. Mixed-species litter showed higher mass loss compared tothe expected weighed-based mass loss 
from the individual litter types in the mixture. Finally, the “home field advantage” only affected the 
final decay rate of the forest litter mixture that was lower in the Eucalyptus plantation than in the 
pristine forest, which is suggested to be caused by reduced forest floor humidity. 
In a second large experiment we studied N and exchangeable cation (K
+
, Ca
2+
 and Mg
2+
) fluxes in 
different water compartments (throughfall deposition, litter percolation, soil solution and river water) 
in Nyungwe forest and the Eucalyptus plantation. Canopy interception was higher in Nyungwe forest 
compared to the Eucalyptus plantation. Annual throughfall of NH4
+
 and NO3
-
 was in the same range as 
observed for other tropical forests. Ammonium was partly retained by the canopy at both sites. Nitrate 
was released by the Nyungwe canopy, but retained by the plantation canopy.Exchangeable cations 
were released from both canopies but to a larger extent in Nyungwe than in the plantation. The loss of 
cations and bioavailable N via soil solution was higher in the Eucalyptus plantation compared to the 
Nyungwe forest. River discharge data from a micro-catchment in the Nyungwe forest indicated an 
open N cycle. Nitrate in stream water mainly originated from soil N dynamics and not from N 
deposition. Likely the contribution of DON to the total bioavailable N losses from the catchment was 
higher than that of inorganic N because by far the largest share of total dissolved N in soil solution 
was DON. 
Finally, in situ N transformation rates were investigated in the Nyungwe forest sites. From this 
experiment it was confirmed that Nyungwe tropical mountain forest is characterized by an open N 
cycle as high gross N mineralization is followed by high autotrophic nitrification rates. The latter 
supports the high NO3
-
 losses from a micro-catchment in Nyungwe forest. Ammonium oxidation via 
Feammox is a major N transformation pathway. Plant N uptake is dominated by NH4
+
, which 
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corroborates with observations on N species fluxes in throughfall and soil solution. We furthermore 
show, by literature review, that gross N mineralization in tropical forests is correlated with soil N 
richness. This provides on the one hand new process understanding of soil N cycling in humid tropical 
forests and added geographically independent evidence that humid tropical forests are characterized by 
soil N dynamics sustaining high bioavailable N loss. 
The first experiment gave an idea on fluxes of litterfall in our two stands and on how much N is 
recycled via litter decomposition considering the litterfall fluxes in each stand. To complete this 
information, we evaluated the nitrogen input via deposition. However the contribution of gaseous was 
disregarded. The output from the system was also assessed. Surprisingly, we found nitrate below the 
rooting zone and in the water leaving the catchment. Isotope analysis showed that, nitrate in those 
compartements mainly originated from soil N dynamics and not from deposition. The 
15
N experiment 
confirms the results obtained by the second experiment. 
5. 2. General discussion and conclusion 
In general, research in tropical forests is geographically biased towards Asia and South America. 
Research in African tropical forests is scarce. Besides climate change and increasing atmospheric N 
deposition, tropical forests are affected by rapid land use change and deforestation due to agricultural 
expansion, charcoal production plantation development, commercial logging, industrialization, 
urbanization and road building. This has a consequence for several ecosystem functions, such as 
nutrient cycling and retention. Predicted increases of atmospheric N deposition can severely affect 
ecosystem functioning of pristine forests. Important causes for increased N deposition are: increasing 
traffic, use of fertilizers, wildfires, charcoal production, and development of animal farming systems. 
In order to contribute to a better understanding of the impact of environmental factors, such as N 
deposition, on forest ecosystems, intensive and continuous monitoring of forest ecosystems using 
permanent plots as well as biogeochemical in-situ studies are necessary. 
Within this context, the present study focused on N input, dynamics and losses from a tropical 
mountain forest (Nyungwe) and a nearby Eucalyptus plantation in southwestern Rwanda. Specifically 
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we investigated: 1) litterfall dynamics and leaf litter decomposition rates, 2) N and cation fluxes via 
throughfall deposition, litter percolation, soil solution and river run off, and 3) soil N dynamics using 
an in situ
15
N pool dilution experiment. As the results of the present research have already been 
discussed in the discussions part of each chapter extensively, the aim of this concluding section is to 
provide briefly major research findings and a more general discussion of the findings and implications 
of the study. 
Nyungwe tropical mountain rainforest represents a tropical forest ecosystem that can store large 
quantities of C to mitigate climate change, guarantees water supply and is one of the ecologically most 
important mountain rainforests in central Africa. Hence, this area is of great ecological and economic 
value and represents a key area for rainforest conservation. Despite its importance, this forest remains 
largely unexplored in terms of assessing its ecosystem functions. Only GharahiGhehi (2012) estimated 
N2O and NO emissions from this forest and Nsabimana (2009) compared C stocks and fluxes in 
Nyungwe forest with those of the Ruhande arboretum in Rwanda. Similar to the rest of Rwanda, the 
area of pristine forest in Nyungwe has decreased since 1960, while the area of exotic plantations 
increased. These plantations are mainly composed of introduced tree species of which Eucalyptus 
occupies ca. 65%. 
To collect data, plots were installed in pristine forests and a nearby Eucalyptus plantation. Litterfall, 
leaf litter decomposition were monitored for a year assessing the species effect and home field 
advantage on litter decomposition using single and mixed species leaf litter in the Nyungwe pristine 
forest and the Eucalyptus plantation. Nitrogen deposition and leaching loss were investigated in the 
two sites assessing the origin of nitrate in throughfall, soil solution, litter percolation and river water, 
while additionally soil N dynamics were investigated in the Nyungwe pristine forest by an in situ
15
N 
isotope dilution experiment using the 'virtual soil core' approach. 
The objective of this first experiment was not really to compare litterfall and leaf litter decomposition 
in the forest and the plantation, but to highlight how much of the litter is recycled in this ecosystem 
and toderive parameters forecosystem models as litterfall fluxes and litter decomposition rates are 
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valuable to validate process-based vegetation model especially for those forests for which very little 
information is available. 
We used single and mixed litter bags for pristine forest litter while for Eucalyptus leaves, only mixed 
litter bags were used. This was due to the fact that in the Eucalyptus plantation 94.1% of leaves, 
originated from ES and only 5.9% from EM. Hence, it was not important to use Eucalyptus leaves in 
single litterbags. We also moved mixed litter bags from the pristine forest to the Eucalyptus plantation 
and vice versa. This could help in testing stand effects (microclimate and soil fauna and microbial 
community composition) on litter decomposition rates. Decomposition of plant matter is a complex 
process that involves bacteria, fungi and invertebrate as well as physico-chemical process. It is 
influenced by environmental conditions such as temperature, moisture and nutrients availability. We, 
however, did not register those parameters during the experiments. It could be better for future 
research to investigate soil moisture, temperature and composition of the decomposers community 
simultaneously. 
The use of the litter bags could allow size-selective exclusion of macro-consumers that could be active 
in the decomposition in our sites. No information on decomposers types was available for our sites to 
decide on the ideal mesh-size of litter bags avoiding exclusion of some of important decomposers. 
That's why we used mesh size that is use elsewhere for this kind of experiment. The litter bag method 
thus introduces artificial modifications of the natural process and then can't really express what 
happens naturally. 
Concerning the choice of the decomposition model, Olson's exponential equation is widely used, but 
when strong curvatures are observed, the decomposing organic matter is commonly split into two 
compartments (labile and recalcitrant), thus obtaining double exponential equations that often provide 
a good fit. Nevertheless, correlating the so-called pools with quantifiable organic fractions is often 
very difficult, if not impossible. This suggests that even though these equations fit the exponential data 
well, they do not necessarily reflect what really happens in the decomposition process. The alternative 
is to apply models in which the organic matter, instead of being split into labile and recalcitrant 
compartments, is taken as a single pool whose decomposition rate is not constant. This approach 
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considers a single organic compartment. 
That's why we used a composite exponential model as expressed by Rovira and Rovira (2010), in 
which m was fixed since an equally good fit could be obtained with high m and high b, or low m and 
low b. Moreover, comparing litter types would not make sense if m is variable. Using this model, a 
good fit was obtained for all litter bag types while for single exponential model fit was not obtained 
for litter with high polyphenol and lignin content. 
Concerning litterfall collection, the method we used can be criticized. The Eucalyptus trees were not 
planted in rows as well as the trees in the pristine forest. The litter traps were positioned in a 
systematic design (two rows following the slope of the stand with 8 m distance between the rows and 
8 m distance between the traps in one row), with the first litter trap placed randomly. This design is 
well suited for an unbiased estimate of litterfall flux, but it is indeed possible that bark and twigs fall 
were underestimated because only few traps were close to the trees, as well as branch fall can be 
underestimated because of the size of the traps. However, it has to be noted that the total litterfall in 
the present study is deliberately excluding bigger branches (branches with a diameter >2 cm were 
discarded when we sorted the litterfall). This was done because local people take away branches and 
twigs for firewood. Hence, this approach resembles reality. 
In the second experiment (deposition experiment), it seams odd to compare things that are supposed to 
be differenta priori. Normally deposition and retention depend on forest stand. Here, the lack of data 
(see Fig. 1.7) in the tropics motivated our objective more than a simple comparison between forest and 
plantation. 
Nyungwe forest is surrounded by conditions (road traffic, tea plantation using N fertilizer and wood as 
source of energy, farming and livestock system, ...) that enlarge the N deposition and potentially 
impact the local biogeochemistry.Nyungwe is also locatedina volcanic region and not far from some 
active volcanoes. Surprisingly, depositions in Nyungwe forest and Eucalyptus plantation were in the 
same range as observed for otherremote tropical forests.Normally, the sites more exposed to 
agriculture, industry and traffic receive higher atmospheric deposition fluxes than more isolated sites. 
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This enhanced deposition is due to higher washout, which influences the bulk deposition and the 
filtering effect of the forest canopy enhancing dry deposition. 
Tropical (mountain) forests are considered N rich, and lose excess N by leaching or as gaseous N 
forms. Normally, high nitrate losses canbecaused by disturbance or anthropogenic N deposition, but 
analysis in Nyungwe forest showed that N losses are mainly coming from natural soil N. Nitrogen 
deposition is then used by the vegetation for physiological needs and the effect of excess N was not 
yet demonstrated. Loss from this forest arises from internal soil N dynamics. 
Several mechanisms for N retention remain to be investigated. In the pristine forest, there is a large 
root mass in the upper soil layer with possibility to take up nutrients before they were lost by deep 
drainage. In the Eucalyptus plantation there could be a release of nutrients by harvest residue 
decomposition, which can also be studied to get an idea of nutrient recycling between two harvesting 
periods in plantation. During a rainfall event, vegetation interception of precipitation stores water in 
the canopy, and a large proportion of it is being evaporated. This alters the chemical composition of 
the precipitation after a while. This change may also result from the wash-off of deposited particles 
and gases (dry deposition) as well as uptake and release of substances by the plants and associated 
microflora. The microflorain Nyungwe forest remains unstudied. There are many mosses and lianas in 
Nyungwe forest canopy that can affect the retention and/or release of nutrients, but they are all 
unstudied. Stemflow is another pathway for nutrients from the canopy to the forest floor but this was 
neglected and wasn't studied not only due to its small contribution to the nutrient budget but also due 
to logistical constraints. 
At the end of this experiment, it would have been interesting to calculate nutrient budgets, but due to 
practical constraints this was not possible as we don't have information on absorption by trees, detailed 
stream flow, and exact losses as gaseous N compounds. DON input by deposition wasn't assessed 
neither. Further, the method used to calculate the water flux at the outlet point of the catchment and 
the sampling interval was not optimal. The best way would actually consist of using an electronic and 
permanent device to record water height and flow throughout the year. This method and the sampling 
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interval were adopted due to logistical constraints. It would also be a possibility to collect dry and wet 
deposition separately using electronical devices but logistically this was not possible for us. 
In this experiment, to assess rainfall and throughfall chemistry, we used open funnel collectors. As 
expected, the bulk funnel collectors significantly overestimated the actual wet deposition of major ions 
due to dry deposited particles and gas onto the collectors. The canopy has an effective filtering 
capacity for fine particles and gas. In addition, the lower wind speed at the ground level does not favor 
dry deposition (Beckett et al., 2000). It is also possible that in our experiment a certain amount of dry 
deposition contributed less to throughfall than to precipitation deposition because of the ion 
enrichment of water passing through the forest canopy (Staelens, 2006). 
We adopted a bimonthly sampling strategy for all collectors to minimize biochemical transformations. 
Chemical analysis was done on monthly basis, unless there were logistical issues hindering this. 
Observing the water budget of the catchment, we noted that the total export is higher than the annual 
precipitation. This is probably due to the contribution ground water. As the study area is located in a 
small catchment, the phreatic boundaries did probably not correspond with the topographic divides 
and deep seepage of the nearby catchment might occur. 
The results of the present study were obtained beneath canopies of a plantation and a pristine forest 
where there is a high spatial variability. This spatial variability has an impact on ion concentration 
variability. Normally in mixed forest stand, both plant area index and compositional differences affect 
throughfall chemistry (Puckett, 1991). Canopy exchange strongly depends on tree species and 
ecological setting (Van Ek and Draaijers, 1994), while dry deposition onto tree crown varies with 
micrometeorological conditions within a forest stand (Rustad et al.,1994; Janson and Granat, 1999). 
The 
15
N labeling approach is widely used to investigate the microbial mediated soil N cycle by 
quantifying gross N transformation rates. Due to logistical constraints, this experiment was only done 
in Nyungwe pristine forest while it could be better to do the same in the Eucalyptus plantation. 
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It is also possible to proceed with the 
15
N tracing experiment in different soil layers, so that we can 
assess all N transformations and pathways depending on soil layers, e.g. especially in then litter layer 
of the pristine forest. 
5.3. Further perspectives 
While this thesis research substantially improved our knowledge on the biogeochemistry of Nyungwe 
forest and tropical mountain forests in Africa, in general, important aspects remain poorly explored. 
The main objectives of this thesis as stated in Chapter 1, were largely fulfilled. However, the findings 
of this research indicate some aspects deserving further attention. 
First of all, litterfall collection, litter decomposition dynamics can be improved in the future. Some 
considerations for improvemend could be as follows. Additional to the big threes, the lower strata also 
potentially contribute to litterfall and decomposition. So, the decomposition of the lower strata in the 
forest has to be considered in the forest nutrient balance and recycling. The diameter of litter traps 
normally has to be selected considering twigs and all other fractions that can fall, decompose and 
release nutrients on the forest floor. At the beginning of our experiment we analyzed only the chemical 
composition of leaves, while information on other fractions could help in long-term nutrient balance 
studies. Concerning the litter decomposition experiment, knowledge of soil decomposers could help in 
the choice of mesh size, while a very long term decomposition experiment could be the best way to 
validate the use decomposition model. 
For the N deposition experiment, dry and wet deposition have to be measured separately, considering 
the real absorption by trees and sampling the soil solution at different depths, in order to reach the 
deep layers where there are no roots left to absorb nutrients. The considered catchment was too small 
to be sure that the phreatic boundaries correspond with the topographic divides. Possible 
contamination between catchments through the ground water table is not excluded. When we had to 
evaluate losses, we had to assume that NO3 is not the only one form of N that can be lost from this 
forest. Concerning those losses some studies on gaseous compounds were performed, but they need to 
be completed to assess all losses of N in this forest. The water budget and balance has to be carried out 
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with great care, to obtain the best precision for nutrient budget, because nutrients are always dissolved 
in the water. Despite logistical constraints, the best equipment should be used for collecting data. 
 
Finally, I list some research questions that could be answered in future research. 
 
1. Can results obtained for litterfall and litter decomposition be extrapolated to the entire forest? 
Nyungwe forest is characterized by many tree species, a wide altitude range (controlling temperature 
and rainfall) and many soil types. These aspects have an impact on litterfall and litter decomposition. 
Hence, it could be of great interest to investigate litterfall and litter decomposition taking in account 
altitudinal ranges, soil types and other tree species, even lower vegetation strata. The decomposition 
experiment in this research was conducted only for one year. After this period some litter bags still 
contained more than 30% of the initial litter mass. Hence a long-term decomposition experiment 
would be valuable, as well as quantification of N and P release from litter. 
 
2. How important is Feammox for the overall N cycle and the generation of bioavailable N? 
In the Nyungwe forest sites we found ideal conditions (high Fe concentrations, very low pH and 
permanent humidity) for Feammox, but the exact role of Feammox on N cycling, gaseous losses and 
leaching remains unclear or unexplored. 
 
3. What is the proportion DON/TDN lost from micro-catchments in Nyungwe? 
When we examined losses of N, we mainly focused on NO3
-
. In order to get a complete view on losses 
more research on DON losses has to be performed. However, continuous sampling and correct N-
species analyses (especially DON) is problematic in this region of Africa. 
 
4. Does (free-living) biological N2 fixation substantially contribute to forest N input? 
Hedin et al. (2009) proposed the so-called leaky “nitrostat” paradigm by which the sustained losses of 
bioavailable N from tropical (mountain) forests are explained by active free-living N2 fixation in N-
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poor micro-sites (e.g. litter). Only N deposition was evaluated in this research. Other sources like free-
living N2 fixation were not studied. Field incubations with 
15
N2 labeled gas should be carried out to 
quantify free-living N2 fixation in N-poor forest compartments. 
 
5. Initiate a network of permanent monitoring plots for Congo basin forests. 
Tropical rain forests are mainly concentrated in the Congo Basin, the world's second largest 
contiguous forest. Many African forests in the Congo Basin remain very poorly studied. A network for 
African tropical forests could consist of humid tropical lowland forest, semi-dry Miombo forest and 
tropical mountain forest. 
 
6. Can we replace Eucalyptus plantations? 
This study indicated clear negative effects on biogeochemical processes by plantations. Eucalyptus 
plantation recycles fewer nutrients compared to the pristine forest. Those plantations have to be 
harvested after a period of time and then a high quantity of nutrients is removed from the system. 
Management practice of EP could be a key factor of the sustainability. Taking in account litterfall 
quantity and leaves composition, Eucalyptus plantation is losing nutrients and will need extra sources 
of nutrients in the future. 
In monospecific and unmanaged Eucalyptus plantation, biological N fixation is absent and the input 
could be negligible (Laclau et al., 2010). An option to improve N status of the soil might therefore be 
to introduce leguminous species in Eucalyptus plantation (Binkley et al., 2003) in order to fix 
atmospheric N2 (Bouillet et al., 2008). In plantations that are already installed in the buffer zone of 
Nyungwe, other tree species have to be introduced to improve ecological conditions for nutrient and 
water use efficiency. Eucalyptus plantations are usually unmanaged in this region and then it is not 
easy to have information on these stands. It could be wise to install plots with different management 
treatments for all planted tree species around Nyungwe, and to compare the stands to traditional 
plantation. It could be also of great interest to install a mixed plantation with all species found around 
Nyungwe and see if the type obtained forest type can act as a natural ecosystem biochemically. 
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Summary 
Next to land use change and climate change, nitrogen (N) deposition is another threat for forest 
ecosystem functioning. Central Africa contains the second largest area of contiguousmoist tropical 
forests of the world. Tropical forests account for one third of primary production contributing 
significantly to the terrestrial carbon sink. Currently, there is a huge lack of field-based research in 
tropical (mountain) forests inCentral Africa.Hence, the general objective of this thesis was to 
investigate biogeochemical processes in a central African pristine tropical mountain forest (Nyungwe) 
and a nearby Eucalyptus plantation. 
Nyungwe forest is located in southwestern Rwanda (2°15' – 2°55' S, 29°00'– 29°30' E) in a watershed 
dividing the Congo basin to the west and the Nile basin to the east and covers an area of 
approximately 970 km
2
. The topography is entirely mountainous (1,600 – 2,950 m above sea level) 
while the climate is humid tropical. For this study, two catchments were selected, one inside pristine 
Nyungwe forest and another one in a nearby Eucalyptus plantation in the buffer zone of the Nyungwe 
national park. In each forest type, three experimental plots (20 x 30 m) were selected and marked 
permanently. This study focused on N input, dynamics and losses, and specifically investigated: 1) 
litterfall dynamics and leaf litter decomposition rates, 2) N and base cation fluxes via throughfall 
deposition, litter percolation, soil solution and river water, and 3) soil N dynamics via an in situ
15
N 
pool dilution experiment. 
Litterfall was measured in the Nyungwe pristine forest during two consecutive years and in the nearby 
Eucalyptus plantation during one year. A 361-days litter decomposition experiment with single and 
mixed-species leaf litter was carried out with single-species litterbags installed in the pristine forest 
and mixed-species litterbags in both forest stands. Throughfall, humus percolation and soil solution 
fluxes and composition were investigated in the Nyungwe pristine forest and in the neighboring 
Eucalyptus plantation. This study was followed by an investigation on the origin of nitrate in 
throughfall, humus percolation, soil solution and the river water through use of a V-notch (90°) at the 
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outlet of the pristine forest catchment and stable isotope analyses. Finally, an in situ 
15
N isotope 
dilution experiment was carried out in the pristine forest stand, using the ‘virtual soil core’ approach to 
quantify N dynamics and pathways in the Nyungwe pristine forest soil. 
Total litterfall amounted to ca. 4 and 2 t ha
-1 
yr
-1 
in the Nyungwe pristine forest and Eucalyptus 
plantation, respectively. The contribution of leaf litter in the pristine forest was ca. 70 and 79% 
inNyungwe and the Eucalyptus plantation, respectively. Litterfall peaked in the major (July - August) 
and minor (December -January) dry seasons and at the onset of the rainy season (September - 
October). In the pristine forest, the initial leaf litter decay rate was highest for Cleistanthu 
spolystachyusl eaf litter (0.033 day
-1
), followed by the forest litter mixture (0.016 day
-1
),and it was 
lowest for Parinari excelsa (0.0094 day
-1
). The final decay rates of Cleistanthus polystachyus, Carapa 
grandiflora and Eucalyptus litter mixture were similar (0.0014, 0.0013 and 0.0017 day
-1
) and lower 
than the final decay rate of forest litter mixture (0.0021 day
-1
). Decay rates could be related to litter 
properties such as N, lignin, Ca and polyphenol content. Mixing litter species caused a negative 
additive effect on the initial decay rate, while a positive additive effect was observed on the final 
decay rate in the pristine forest stand. Taken together, mixed-species litter showed increased mass loss 
compared to the expected weighed-based mass loss from the individual litter types in the mixture. 
Finally, stand type only affected the final decay rate of the forest litter mixture (PE+CP+CG) that was 
lower in the Eucalyptus than in the pristine forest and is suggested to be caused by reduced forest floor 
humidity. 
The average incident rainfall over two years was 2520±23 mm yr
-1
, but the canopy interception was 
higher in the pristine forest (43%) than in the Eucalyptus plantation (30%). The annual input of NH4
+
-
N, NO3
-
-N, Na
+
, K
+
, Ca
2+
, Mg
2+
 and Cl
-
 via rainfall was 2.80, 3.61, 3.84, 12.03, 5.66, 2.08 and 5.07 kg 
ha
-1
, respectively. Fluxes of NH4
+
-N and NO3
-
-N were within the range observed for other mountain 
rain forests; with NH4
+
 partly retained by the canopy at both sites, and NO3
-
 released by the pristine 
forest canopy but retained by the Eucalyptus plantation canopy.Cations (Na
+
, K
+
, Ca
2+
 and Mg
2+
) were 
released by both canopies but to a larger extent in the pristine forest than in the Eucalyptus plantation 
except for Na
+
. In the rooting zone, NH4
+
, NO3
-
 and other base cations were absorbed while NO3
-
was 
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leaching from the top soil. NH4
+
 was preferentially absorbed above NO3
-
. Inorganic N losses by 
leaching were 49% of the total thoughfall input in pristine forest while in the Eucalyptus plantation 
60% more than the total thoughfall input was lost, for which NO3
-
and NH4
+
represented 94 and 6 % of 
the total loss in the pristine forest, respectively, and 79 and 21% in the Eucalyptus plantation 
respectively. The total amount of inorganic N leaving the pristine forest catchment by stream water 
was 20.8 kg N ha
-1 
yr
-1
. Isotope composition measurements showed that NO3
-
 in throughfall was 
mainly from atmospheric deposition while in humus percolation, soil solution and river water it was 
mainly originated from soil N processes. 18O-NO3
-
 values in the river water ranged between 10.2 and 
20.8‰, confirming that the source of NO3
-
 in the river water was mainly soil N and only partly 
atmospheric NO3
-
. High N mineralization is followed by high nitrification rates, with the produced 
NO3
-
 readily lost to the environment. 
The 
15
N labeling experiment showed very rapid 
15
NO3
-
 enrichment following 
15
N labeling of the NH4
+
 
pool indicating a fast transfer of NH4
+
 to NO3
-
. The investigated tropical forest soil showed two 
distinct NH4
+
 oxidations pathways: a slow one by autotrophic nitrifiers and a fast one coupled to iron 
reduction (Feammox). The gross rate of Feammox was of similar magnitude as nitrification, moreover 
the obtained Feammox rate approximate that obtained in slurry incubation of tropical forests soils after 
addition of NH4
+
 and Fe(III). The forest soil showed a high ratio of nitrification to 
NH4
+
immobilization characteristic of an open N cycle with high risk of NO3
-
 losses. Nyungwe pristine 
forest soil is characterized by an open N cycle in which ammonium (NH4
+.
) produced by Feammox is 
a major important N transformation pathway and plant N uptake is dominated by NH4
+
. 
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Samenvatting 
Naast veranderingen in landgebruik en klimaatsverandering, is ook N-depositie een bedreiging voor 
ecosysteem processen in bossen. In Centraal Afrika ligt het tweede grootste gebied aaneengesloten nat 
tropisch regenwoud ter wereld. Tropische bossen zorgen wereldwijd voor een derde van de globale 
primaire productie, en dragen dus substantieel bij tot de terrestrische koolstofopslag. Momenteel is er 
echter een groot gebrek aan velddata van tropische (berg)regenwouden in Centraal Afrika. Het 
hoofddoel van deze thesis was dan ook om biogeochemische processen in de Afrikaanse 
bergregenwouden (Nyungwe) en in een Eucaplyptus plantage in de buurt te kwantificeren. Het 
Nyungwe reservaat ligt in het zuidwesten van de Rwanda (2°15' – 2°55' Z, 29°00'– 29°30' O). De 
waterscheiding in het gebied trekt de grens tussen het Congobekken in het westen en het Nijlbekken in 
het oosten, en bedekt een gebied van ongeveer 970 km². Alle bossen in Nyungwe bevinden zich tussen 
de 1600 en 2950 m boven de zeespiegel, en er is sprake van een tropisch nat klimaat. Voor deze studie 
zijn twee stroomgebieden geselecteerd: één in oud natuurlijk Nyungwe bos (bergregenwoud), en een 
andere in een nabije Eucalyptus plantage, in de bufferzone van het nationaal park. In elk bostype 
werden drie experimentele plots opgezet (20 x 30m) en permanent aangeduid. Deze studie focuste 
vooral op stikstof input, dynamiek en verlies. Specifiek werden volgende processen onderzocht: 1) de 
dynamiek van bladval en strooisel decompositie, 2) fluxen van stikstof en uitwisselbare kationen via 
metingen in doorval, strooiselpercolatie en in rivierwater, en 3) stikstofdynamiek in de bodem via een 
in situ
15
N pool verdunnings experiment. 
De bladval werd gemeten gedurende twee opeenvolgende jaren in het Nyungwe bos, en gedurende één 
jaar in de Eucalyptus plantage. Een strooisel decompositie experiment van 361 dagen met zowel 
strooisel van één soort met een mengsel van verschillende soorten werd uitgevoerd. Hierbij werd de 
strooiselzak met strooisel van één soort in het natuurlijk oud bos geïnstalleerd en werd de gemengde 
strooiselzak in beide systemen geïnstalleerd. Doorval, strooise lpercolatie en bodemoplossing fluxen 
werden in het oud Nyungwe bos onderzocht alsook in de plantage. Na deze experimenten werd een 
studie gedaan naar de oorsprong van nitraat in de doorval, humus percolatie, bodemoplossing en in het 
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rivierwater (door het gebruik van een V-notch, 90° en isotopenanalyses), die geplaatst werd bij de 
uitstroom van het stroomgebied. Uiteindelijk werd ook een in situ 
15
N isotoop verdunnings exeriment 
uitgevoerd in het oud bos, gebruik makende van de ‘virtual soilcore’ benadering, om de stikstof 
dynamiek en processen in de Nyungwe bosbodem te bepalen. 
Totale bladval werd geschat op ca. 4 en 2 ton ha
-1 
 jr
-1
 in respectievelijk het Nyungwe bos en de 
Eucalyptus plantage. De contributie van bladeren in de totale bladval was respectievelijk ongeveer 70 
en 79%. De bladval piekte in het lange (juli - augustus) en korte (december – januari) droogseizoen en 
bij de aanvang van het regenseizoen (september – oktober).In het oud bos, was de initiële 
strooiseldecompositie snelheid het hoogst voor Cleistanthus polystachyus strooisel (0.033 dag
-1
), 
gevolgd door het gemende strooisel (0.016 dag
-1
), en het was het laagst voor strooisel van Parinari 
excelsa (0.0094 dag
-1
). Definale decompositie snelheden voor Cleistanthus polystachyus, Carapa 
grandiflora en Eucalyptus strooisel waren gelijkaardig (0.0014, 0.0013 en 0.0017 dag
-1
) en lager dan 
de finale decompositiesnelheid voor de strooisel mix (0.0021 dag
-1
). De decompositiesnelheden waren 
gecorreleerd aan strooiseleigenschappen zoals N- lignine-, Ca- en polyphenol-gehalte. Strooisel van 
verschillende soorten mengen zorgde voor een negatief additief effect voor de initiële 
decompositiesnelheden, terwijl er een positief additief effect te zien was voor de finale 
decompositiesnelheid, in het Nyungwe bosstand. Het gemengde strooisel toonde een verhoogde 
massaverlies vergeleken met het verwachte gewicht-gebaseerde massaverlies van de individuele 
strooiseltypes in de mix. Uiteindelijk beïnvloedde het bosstandtype enkel de uiteindelijke 
decompositiesnelheid van het strooiselmix, die lager was in de Eucaplyptus plantage dan in het 
Nyungwe bos, mogelijks veroorzaakt door een lagere bodemvochtigheid.  
De gemiddelde neerslag over twee jaar bedroeg 2520±23 mm jr
-1
en de krooninterceptie was hoger in 
het Nyungwe bos (43%) dan in de Eucalyptus plantage (30%). De jaarlijkse input van NH4
+
-N, NO3
-
-
N, Na
+
, K
+
, Ca
2+
, Mg
2+
 en Cl
-
 via neerslag was respectievelijk 2.80, 3.61, 3.84, 12.03, 5.66, 2.08 en 
5.07 kg ha
-1
. Fluxen van NH4
+
-N en NO3
-
-N lagen in de range van geobserveerde waarden voor andere 
bergregenwouden. Ammonium werd gedeeltelijk weerhouden werd door de kroon op beide sites, 
terwijl NO3
-
vrijgegeven werd door de kroon in het Nyungwe bos, maar weerhouden door de kroon in 
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de Eucalyptus plantage. Basische kationen (Na
+
, K
+
, Ca
2+
 en Mg
2+
) werden vrijgegeven door de kroon 
in beide systemen, maar meer in het Nyungwe bos dan in de Eucalyptus plantage, behalve voor Na
+
. 
In de wortelzone werden NH4
+
, NO3
-
 en andere uitwisselbare kationen geabsorbeerd, terwijl NO3
- 
uitspoelde uit de bovenste bodemlaag. Ammonium werd preferentieel opgenomen t.o.v.NO3
-
. 
Anorganische N verliezen door uitspoeling bedroegen 49% van de totale input van doorval in het 
Nyungwe bos en 160% in de Eucalyptus plantage.Het aandeel van NO3
- 
en NH4
+
in de anorganische N 
verliezen was respectievelijk 94% en 6% in het Nyuwe bos, terwijl dit 79 en 21 % was in 
deEucalyptus plantage.De totale hoeveelheid anorganisch N die uit het Nyungwe ecosysteem spoelde 
via de waterstroom was 20.8 kg N ha
-1
 jr
-1
. Bepaling van deisotopische samenstelling van N en O in 
NO3
-
 toonden aan dat het NO3
-
 in doorval voornamelijk van atmosferische depositie afkomstig was, 
terwijl het in de uitspoeling van het strooisel, de bodemoplossing en het rivierwater voornamelijk van 
bodem N processen afkomstig was. De 18O-NO3
-
 waardes in het rivierwater varieerden tussen 10.2 en 
20.8‰, wat bevestigd dat de bron van NO3
-
 in het rivierwater voornamelijk bodem N is en slechts 
gedeeltelijk atmosferische NO3
-
. Hoge N mineralisatie wordt gevolgd door hoge nitrificatie snelheden, 
waarbij de geproduceerde NO3
-
 verloren gaat aan het milieu. Door de lagere strooiselhoeveelheid, de 
chemische samenstelling en decompositie snelheid, is de jaarlijkse nutriëntenterugkeer naar de 
Eucalyptus plantage via strooiseldecompositie lager dan in het Nyungwe bos, wat leidt tot een 
uitputting van de nutriënten op een langere termijn. Nyungwe heeft een open en lekkende 
stikstofcyclus waarin NO3
- 
verliezen hoofdzakelijk van bodem N processen afkomstig zijn. 
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Appendices 
Appendix 1. Soil types and their profile data in the plots of Nyungwe pristine forest site from Rwanda digital soil database (Minagri, 2000). 
Plot  
 Soil 
series 
Soil 
taxonomy FAO, 1990 
Depth 
(1) 
from 
 
Depth 
(2) to Horizon Clay Silt Sand Texture 
pH 
H2O 
pH 
KCl C N C/N AvailableP 
    
cm 
 
% % % 
   
% % 
 
Mg kg
-1 
A BWY 
Typic 
Tropohumult 
Humic Cambisols 
/ Humic Alisols 
-3 0 Oe/Oi         4.1 3.6 16.44 1.42 11.54   
0 40 A 7 20 73 Sandy loam 3.6 2.9 0.31 
   
40+ 
 
R/C 2 27 71 Sandy loam 4.4 3.9 0.21 
   
B USK 
Typic 
Humitropept 
Humic (Dystric) 
Cambisols 
-11 -8 Oi         3.9 2.5 47.68 1.77 26.97   
-8 0 Oe 
    
3.3 2.1 49.05 2.09 23.47 
 
0 22 A 3 21 77 Loamy sand 3.3 2.5 3.76 0.20 18.80 17.00 
22 45 Eqm 1 29 70 Sandy loam 3.9 3.2 0.27 0.01 19.29 
 
45+ 
 
Bsh/R 2 27 71 Sandy loam 4.4 4.0 1.17 0.06 18.00 
 
C 
  
USK 
  
Typic 
Humitropept 
  
Humic (Dystric) 
Cambisols 
  
-9 0 Oe/Oi         3.5 2.2 30.58 1.53 19.95   
0 23 E 5 18 77 Laomy sand 3.5 2.6 1.20 0.08 14.81 
 
23 34 Bhs 11 22 67 Sandy loam 3.8 3.1 4.40 0.23 18.72 
 
34+   Bw/R 7 22 71 Sandy loam 4.2 3.3 2.37 0.15 15.80   
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Plot  
Soil 
Series 
Soil 
taxonomy FAO, 1990 Ca
2+
 Mg
2+
 K
+
 Na
+
 SBC Al
3+
 H
+
 
Al 
saturation/ 
CEC 
Al sat 
/ECEC CECpH7 ECEC SBC/CEC 
 
SBC/ECEC 
    
cmol kg
-1
 % % cmol kg
-1
 
 
% 
A BWY 
Typic 
Tropohumult 
Humic Cambisols / Humic Alisols                   
                 
B USK 
Typic 
Humitropept 
Humic 
(Dystric) 
Cambisols 
5.21 3.56 1.85 0.14 10.76 1.56 7.85 1.42 12.66 109.68 12.32 9.81 87.34 
1.07 1.15 0.83 0.13 3.18 4.37 12.98 3.66 57.88 119.32 7.55 2.67 42.12 
0.02 0.07 0.08 0.02 0.19 0.80 2.27 8.92 80.81 8.97 0.99 2.12 19.19 
0.00 0.00 0.01 0.00 0.01 0.28 0.22 40.00 96.55 0.70 0.29 1.43 3.45 
0.02 0.01 0.01 0.00 0.04 1.63 0.08 20.30 97.60 8.03 1.67 0.50 2.40 
C 
  
USK 
  
Typic 
Humitropept 
  
Humic 
(Dystric) 
Cambisols 
  
2.30 1.92 1.57 0.11 5.90 1.09 9.98 1.22 15.59 89.32 6.99 6.61 84.41 
0.02 0.03 0.03 0.01 0.09 0.46 0.88 12.74 83.64 3.61 0.55 2.49 16.36 
0.03 0.06 0.05 0.02 0.16 5.17 1.58 15.03 97.00 34.40 5.33 0.47 3.00 
0.00 0.02 0.02 0.01 0.05 4.02 0.67 22.79 98.77 17.64 4.07 0.28 1.23 
SBC: Sum of base cations, ECEC: Effective Cation exchange capacity.
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Appendix 2. Soil types and their profile data in the plots of the Eucalyptus plantation site from Rwanda digital soil database (Minagri, 2000). 
 
Plot  
Soil 
Series 
Soil 
taxonomy FAO, 1990 
Depth 
(1) 
from 
 
Depth 
(2) to  Horizon Clay Silt Sand Texture 
pH 
H2O 
pH 
KCl C N C/N 
Available 
P 
    
cm 
 
% % %   
  
% % 
 
Mg kg
-1 
A NBO 
Typic 
Tropohumult 
Haplic Ferralsols / Haplic 
(Humic) Acrisols 
0 42 A 65 18 16 Clay 4.8 4.17 6.66 0.52 12.69 10.66 
42 85 Bt1 59 22 19 Clay 4.8 4.36 2.37 0.25 9.67 
 
85 110 Bt2 62 22 16 Clay 4.6 4.32 2.37 0.24 9.79 
 
110+ 
 
Bt3 67 21 12 Clay 4.8 4.36 1.07 0.12 9.30 
 
B NBO 
Typic 
Tropohumult 
Haplic Ferralsols / Haplic 
(Humic) Acrisols 
0 13 A 64 17 19 Clay 5.0 4.28 5.41 0.48 11.27 14.21 
13 68 Bt1 67 17 16 Clay 4.9 4.36 1.15 0.12 10.00 
 
68 105 Bt2 66 19 15 Clay 5.0 4.40 0.75 0.07 11.36 
 
105+ 
 
Bt3 64 20 16 Clay 5.1 4.43 0.58 
   
C 
  
GTB 
  
Oxic 
Dystropept 
  
Haplic Acrisols / Ferralic 
Cambisols 
  
0 20 A 53 32 15 clay 4.9 4.36 6.97 0.38 18.29 0.86 
20 65 Bw1 51 29 21 Clay 5.1 4.60 0.88 0.10 8.71 
 
65 100 Bw2 43 35 22 Clay 5.5 5.16 0.23 
   
100+   Bw3 25 57 17 Silt loam 5.3 4.99 0.16       
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Plot  
Soil 
Series 
Soil 
taxonomy  WRB Ca
2+
 Mg
2+
 K
+
 Na
+
 SBC Al
3+
 H
+
 
Al 
saturation/ 
CEC 
Al sat 
/ECEC CECpH7 ECEC SBC/CEC 
 
SBC/ECEC 
    
cmol kg
-1
 % % cmol kg
-1
 % % 
A NBO 
Typic 
Tropohumult 
Haplic 
Ferralsols / 
Haplic (Humic) 
Acrisols 
1.06 0.37 1.34 0.04 2.81 4.11 0.75 9.80 59.39 41.95 6.92 6.70 40.61 
0.64 0.10 0.14 0.03 0.91 3.48 0.53 12.13 79.27 28.70 4.39 3.17 20.73 
0.64 0.12 0.13 0.03 0.92 2.77 0.20 9.77 75.07 28.35 3.69 3.25 24.93 
0.42 0.10 0.09 0.03 0.64 3.08 0.15 13.42 82.80 22.95 3.72 2.79 17.20 
B NBO 
Typic 
Tropohumult 
Haplic 
Ferralsols / 
Haplic (Humic) 
Acrisols 
1.91 0.26 0.51 0.03 2.71 3.54 0.32 10.74 56.64 32.95 6.25 8.22 43.36 
0.21 0.05 0.19 0.02 0.47 3.23 0.19 16.11 87.30 20.05 3.70 2.34 12.70 
0.30 0.05 0.51 0.02 0.88 2.94 0.14 14.81 76.96 19.85 3.82 4.43 23.04 
0.57 0.05 0.15 0.03 0.80 2.77 0.00 13.65 77.59 20.30 3.57 3.94 22.41 
C 
  
GTB 
  
Oxic 
Dystropept 
  
Haplic Acrisols 
/ Ferralic 
Cambisols 
  
0.24 0.34 0.24 0.07 0.89 2.66 0.46 7.26 74.93 36.65 3.55 2.43 25.07 
0.04 0.02 0.04 0.03 0.13 0.26 0.77 1.57 66.67 16.55 0.39 0.79 33.33 
0.13 0.03 0.03 0.03 0.22 0.06 0.10 0.55 21.43 10.95 0.28 2.01 78.57 
0.13 0.07 0.02 0.03 0.25 0.06 0.04 0.89 19.35 6.75 0.31 3.70 80.65 
SBC: Sum of base cations, ECEC: Effective Cation exchange capacity. 
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